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ABSTBACT. 
The f i e l d relations and petrography of the rocks of 
the PreCambrian basement complex between Sirdal and Aseral, 
comprising two s e r i e s of high-grade metamorphic gneisses 
separated by a s t r u c t u r a l discontinuity, syntectonic granites, 
i n t r u s i v e quartz monzonites with thermal metamorphic aureoles 
aaid basic dykes, are described. During orogeny the gneisses were 
subjected to intense poly-phase deformation, three regional and 
two l o c a l i s e d phases of ^ ^ c h have been recognised. Minor fold 
r e l i c s within augen gneiss i n the lower gneiss sequence suggest 
that t h i s rock was involved i n e a r l i e r deformation. The climax 
of metam^rphic c r y s t a l l i s a t i o n occxirred at the low-pressure 
granulite facies-amphibolite f a c i e s boundary with mineral 
parageneses corresponding closely with the sillimanite-cordierite-
orthoclase subfacies of the Abukuma-type cordierite amphibolite 
f a c i e s except for the additional occurrence of orthopyroxene. 
Major and trace-element X.R.F. analyses of gneissic and 
some igneous rocks are presented. These data reveal significant 
differences between basic rocks of the two gneiss s e r i e s , basic 
gneisses with different mineral assemblages and to a l e s s e r 
extent d i f f e r e n t l i t h o s t a t i g r a p h i c a l units i n the upper gneiss 
s e r i e s . 
EDLectron microprobe analyses of a l k a l i feldspar, 
plagioclase, b i o t i t e , hornblende, clinopyroxenes, orthopyroxene. 
sphene, magnetite, llmenite, c h l o r i t e , and gamet from several 
rock types aire presented. With the exceptions of a l k a l i 
feldspar, magnetite and ilmenite a l l minerals are chemically 
homogeneous and represent o r i g i n a l equilibrium compositions. 
The chemical inhomogeneity of a l k a l i feldspar resulted from 
p o s t - c r y s t a l l i s a t i o n leaching and redistribution of a l k a l i e s , 
resistance to which i s related to grain s i z e . Equilibriiim 
during o r i g i n a l feldspar c i y s t a l l i s a t i o n i s indicated by the 
r e s t r i c t e d composition of plagioclase coexisting with a l k a l i 
feldspar. 
The d i s t r i b u t i o n of titanium and ma^esium between 
coexisting s i l i c a t e s indicates equilibrium compositions, 
influenced by oxygen fugacity, the nature of the coexisting 
i r o n oxides and the tetrahedral aluminium content of the 
hydrous phases i n addition to the rock composition. The 
application of several means of multicomponent paragenesis 
analysis reveals that the various mineral assemblages can 
be interpreted i n terms of variations i n major element rock 
composition and oxygen ftigacity. 
The widespread molybdenite mineralisation i s considered 
to have been tiransported from depth i n s i l i c e o u s hydrothermal 
solutions into the gneisses, especially where the s t r i k e of 
the g n e i s s i c layering coincided with deep fractures. Fixing 
of the metal as sulphide occurred p a r t i c u l a r l y i n the v i c i n i t y 
of pre-existing fahlband sulphide due to release of sulphur i n 
the l o c a l environment of increased oxygen fugacity. 
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1. INTRODUCTION 
This work was instigated under the auspices of the 
Telemark Project, i n i t i a t e d by the Geologisk Museimi of the 
University of Oslo to map and elucidate the geology of the 
accessible areas of the PreCambrian basement complex of 
Southern Norway, Field work f o r the present study was carried 
out during the summers of 1965> 1966 and 1967 and the f i r s t 
year of laboratory work was effected at the Geologisk Museum, 
Oslo. Subsequent laboratory work was carried out at the 
Department of Geology, Durham University. 
a) Geographical location and accessibility. 
The present investigation covers some 1200 square k i l o -
metres of the county of Vest Agder, stretching from Sirdalsvatn 
and Sirdal i n the west to 0revatn, I s e r a l and Ljoslandsdalen 
i n the east. The noirthem boundary of the area i s a l i n e from 
the v i l l a g e of 0vre Sirdal to Ljosland and the southern i s a 
broken l i n e from the south end of Sirdalsvatn to the southern 
extremity of i?revatn. A topographical map showing the boundaries 
of the area surveyed, physical features and place names i s 
included as plate ( 1 ). The following 1 : 50,000 map sheets 
were used as bases during mapping :- Sheets 1311 ( 1 ) Plekkef jord, 
1411 ( IV ) Haegebostad, 1312 ( 11 ) Tonstad, 1412 ( 111 ) 
Pjotland, 1412 ( 11 ) I s e r a l , 1312 ( 1 ) 0vre Sirdal and 1412 
( 1V ) Kvifjorden. 
Settlement w i t h i n the area i s "largely confined to the 
sheltered valleys except f o r the community at Knaben which i s 
centred on the molybdenum mine. The whole of the southern part 
of the area i s easily accessible but i n the north, as the few 
roads generally follow the major vallyes, access to some of the 
remote upland parts i s d i f f i c u l t . The mapping of such d i s t r i c t s , 
eg. to the north-east of Knaben, i s i n consequence imprecise. 
Aerial photographs on the scale of 1 : 50,000 f o r the south 
of the region and 1 : 30,000 f o r the northern parts were 
extensively used during the geological mapping. 
b) Topography and exposure. 
Topographically the area i s a plateau, sloping gently 
southwards towards the coast. Dissection i s more pronounced 
i n the south with valleys separated by eminences, often steep-
sided but flat-topped, r i s i n g to about 600 metres above sea-
l e v e l . The north i s a more uniform upland area with a l l the 
summits reaching about 1000 metres above sea-level. The 
highest point of the area, Skarve, reaches IO41 metres above 
sea-level and occurs i n the extreme north-east. Sirdalsvatn, 
i l l u s t r a t e d i n plate ( 2a ), i s on the other hand only 53 metres 
above sea-level. The upland areas are covered with a myriad 
lakes, some of which are elongated i n the direction of the 
regional gneissic layering, others along crush zones. The major 
valleys often have precipitous east sides, probably controlled 
by near v e r t i c a l j o i n t planes. The slopes of the western sides 
of the valleys are i n contrast more gentle, frequently following 
2. 
Plate 2. 
Plate 2a. 
View to north up Sirdalsvatn from near E r s d a l . The joint-controlled 
precipitous east side of the lake contrasts markedly with the gentle 
slope of the west side, p a r a l l e l to the regional gneissic-layering. 
Plate 2b. 
View to north-east from Grungevassnuten, to the west of Kvina mine. 
Bare rock predominates on t h i s high plateau, p a r t i c u l a r l y where grsmite 
gneiss i s exposed. I n the foreground the gentle eastward dip of 
the gneissic layering i n predominantly g r a n i t i c Kvinesdal gneiss cam be 
seen. 
Plate 2. ^ \ c OCT 1972 
the gneissic layering which i n many places dips to the east at 
about 3 0 ° . These features are well developed i n the Sira valley 
and aje i l l u s t r a t e d i n plate ( 2a ) . 
Extensive forest cover i s confined to the main r i v e r valleys 
and the broader areas of lower ground i n the south. Pine i s 
common but birch tends to replace i t as dominant i n the higher 
valleys. Most of the plateau consists of bare rock interspersed 
with bog and coarse grasses but i n the extreme north, as i l l u s t r a t e d 
i n plate ( 2b ), the vegetation becomes scanty. The Ljosland 
i n t r u s i o n (see page 40 ) forms high ground but i s extensively 
covered with dwarf shrubs and other hardy vegetation and 
contrasts sharply with the almost bare gr a n i t i c rocks surrounding 
i t to the north and west. Isolated basic gneiss horizons 
w i t h i n predominantly g r a n i t i c gneiss sometimes give r i s e to 
li n e s of more Ixzxuriant vegetation than i s prevalent upon the 
g r a n i t i c rocks. 
c) Glacial Geology. 
The great Fla end-moraine, described by Andersen ( 1960 ) , 
crosses the south-west edge of the area from west to east. I t 
i s well developed on the plateau to the east of Sandvatn, 
i l l u s t r a t e d i n plate ( 3a ), where i t consists of a hummocky zone 
some 500 metres wide at about 25 metres above the plateau surface. 
Here the moraine i s composed ch i e f l y of large g r a n i t i c gneiss 
boulders. 
3. 
Plate 3» 
Plate 3a. 
View to the east from the slopes of Anneliknuten, near Sandvatn, showing 
Fla end-moraine. The moraine i s composed mostly of large rounded 
boulders of g r a n i t i c gneiss. Scattered pine trees and coarse grasses 
cover much of the lower-level plateau top. I n the background the 
wooded ridge i s formed of layered basic Lervig gneiss which swings 
round into the nose of the Sandvatn synform ( F 3 age ) j u s t south 
of the moraine. 
Plate 3b. 
Typical exposure of Feda augen gneiss from edge of Sirdalsvatn near 
Optedal. The exposure shows various sizes of a l k a l i feldspar 
megacryst with some degree of p a r a l l e l orientation and a t h i n branching 
sheet of fine-grain gremular leucogranite. 
P l a t e 3. 
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A l l the main valleys bear evidence of the recent presence 
of powerful glaciers, with steep sides, wide and f l a t f l oors and 
hanging t r i b u t a r i e s . The most powerful glacier probably occupied 
Si r d a l , excavating the deep basin now f i l l e d by Sirdalsvatn. 
D r i f t deposits of eit h e r sticky clay with abundant boulders or 
f i n e l y laminated sands with fewer rock fragments are plastered 
along the lower slopes and floors of the major vallyes. The sandy-
deposits are widely worked f o r road material. The upland areas are 
devoid of g l a c i a l deposits except f o r perched boulders but some 
of the f l a t rock sxxrfaces have been polished and gl a c i a l 
s t r i a t i o n s , often orientated roughly northssouth,have also been 
observed. 
Narrow steep-sided l i n e a r depressions are a significant 
feature of the plateau physiography. These mark the position of 
crush zones which according to Holtedahl (l96o) have been eroded 
by the process of nivation, though loose material may also have 
been plucked out by active ice. 
d) Previous research. 
The f i r s t regional survey of the Pre Cambrian of Norway was 
undertaken by Keilhau (l838-1850) and was followed by a more 
detailed study of the southern Norwegian rocks by Kj e r u l f (1879). 
Barth (1936) studied the intrusive bodies of southern Norway, 
including the anorthosite and associated rocks of the Egersund 
region and the farsundite of the extreme south coast. Later (l945) 
he compiled a general geological map of the Pre-Cajnbriaji rocks of 
4. 
southern Norway i n which he showed the d i s t r i b u t i o n of augen 
gneisses, gneiss-granite, gneisses i n general and poorly-
f o l i a t e d granite. Some indications of f o l i a t i o n trends and 
s t r u c t u r a l l ines were also given. 
Barth and Dons {^^6o) stated i n a compilation of information 
concerning the PreCambrian rocks that " the rather highly elevated 
t r a c t s between Telemark and Rogaland are made up of gneiss and 
granite, but very l i t t l e detailed information i s at hand." 
Barth and Reitan ( l963) state i n a f u r t h e r review that " I n the 
d i s t r i c t of central and western Agder, gneissose granite and 
granitised rocks, often of granodioritic composition, are most 
common. They s t r i k e usually north-south, with steep dips. I n some 
places they are mixed with amphibolites, but i n others they are 
nearly massive ( the Solum granite ) and are often marked by 
selvages of augen gneiss which gradually pass into the granite 
on one side and into darker migmatites and gneisses with bands 
and schlieren of amphibolite on the other." 
I n recent years detailed information on some segments of the 
PreCajnbrian Telemark gneiss complex has emerged. The Eogaland 
anorthosites and adjacent gneisses have been extensively studied 
by P. Michot ( 1956, 1957 and 1960 ) and J. Michot ( l96l ) . The 
geology of the 0rsdalen tungsten deposit and i t s country gneisses, 
which l i e to the north-west of Tonstad, has been described by Heier 
( 1955 and 1956 ) . Early published work from the Telemark Project 
include a preliminary report on the geology of the coiintry to the 
west of Sirdalsvatn by Tobi ( 1965 )> a similar paper on the 
Flekkef j o r d area by Falkum ( 196? ) and a more detailed account 
of the Hblum granite by Smithson and Barth ( ^^6'J ) . A preliminary 
inteirpretation of the geology of the present area appeared i n 
abstract i n R. Leak:e ( 1968 ). The petrology of the farsundite 
i n t r u s i o n has been investigated by Middlemost ( 1968 ) . 
There have been several publications concerned with the 
molybdenum deposits of the area, i n p a r t i c u l a r those around the 
present Knaben mine. C. Bugge ( 1907 ) was the f i r s t to mention 
these deposits which he classifi e d i n t o two main types, pneumatolytic 
quartz vein ore and impregnation ore i n granite. Palkenberg, i n 
a series of papers ( 1915,1917>1920 and 1936 ), concluded that the 
richest ore i n the Khaben area occurred within a one kilometre broad, 
north-south running zone of older gneiss withi n granite. Schetelig 
( 1937 ) i n a more detailed account of the ore and associated 
rocks came to the conclusion that w i t h i n the Knaben ore zone 
there was a general association between the molybdenite and t h i n 
quartz injections p a r a l l e l to the f o l i a t i o n of the gneiss and 
granite. These injections occur w i t h i n the older gneiss and 
amphibolites, along the border between these rocks and the younger 
granite and within the younger granite i t s e l f . A more recent 
comprehensive description of the Khaben and other major 
molybdenite occurrences has been given by J. Bugge ( 1963 ) . 
e) Regional geological s e t t i n g . 
The PreCambrian rocks of southern Norway have been divided 
geographically into three u n i t s . The south-east series of gneisses 
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which extends into Sweden i s separated from the other PreCambrian 
rocks by the Oslo graben. West of the Oslo province are two areas 
of hi^-grade gneisses which form the Kongsberg-Bamble formation. 
West of these rocks and separated from them by a mylonite zone i s 
the extensive Telemark-Hogaland province. A series of supracrustal 
rocks, exceeding 4»000 metres i n thickness, is^ found i n Telemark 
i n the central part of the province. These rocks are surrounded 
by a vast expanse of basement gneisses and granite, stretching 
westwards through the Agders into Rogaland. The exact relationship 
between the supracrustals and basement gneisses i s as yet 
imperfectly uMerstood. 
The area between Sirdal and Aseral which has been mapped by 
the present author i s situated wi t h i n the south-west part of the 
basement gneiss complex of the Telemark-Eogaland province. The 
immediate general geological setting of the area i s i l l u s t r a t e d i n 
plate ( 4 ) which has been adapted from a map of Sjarland geology 
compiled by Barth ( 1960 ) . The approximate positions of other nearby 
areas also mapped by Telemark project geologists are also shown on 
t h i s map. 
The metamorphic rocks of the area which has been studied by 
the present author are divided into two series, separated by a 
discontinuity. The most d i s t i n c t i v e component of the rocks which 
form the s t r u c t u r a l l y lower group i s an augen gneiss with large 
a l k a l i feldspar crystals. As t h i s rock i s the only major 
constituent of the lower group of gneisses i n the Flekkefjord 
area, Falkum ( 196? ) has proposed the name • Feda augen gneiss • 
f o r the whole series. This name i s unsuitable f o r these rocks i n 
7. 
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the present area however as the augen gneiss becomes subordinate 
to layered feldspathic gneisses. The name ' Sirdalsvatn series ' 
i s therefore proposed f o r the lower gneiss group. The upper 
series of gneisses can be correlated i n many respects with 
the ' Flekkef jord group ' described by Falkum ( o p . c i t . ) . 
Three main types of acid plutonic rocks occur w i t h i n 
the area between Sirdal and I s e r a l . Porphyritic granite with 
diffuse concordant boundaries and abundant gneissic inclusions, 
which closely resembles the Hblum granite described by Smithson 
and Barth ( 1967 )> has been discovered i n four areas. An 
equigranular granite with poor f o l i a t i o n occupies much of the 
t e r r a i n to the east and north-east of Knaben. The same type of 
rock has been observed by MacFadyen ( personal communication ) 
to extend some 13 kilometres northwards from the northern 
boundary of the present area. Tliree intrusions of coarse-grained 
gra n i t o i d rock with sharp igneous contacts and thermal metamorphic 
aureoles, very similar to the farsundite rocks, have also been 
discovered. The largest of these bodies, the Ljosland intrusion, 
occupies most of the north-east sector of the area and i s 
predominantly a quartz monzonite but grades into granite 
p a r t i c u l a r l y along i t s eastern border. The smaller ovoid Aseral 
i n t r u s i o n i s more d i o r i t i c i n composition with many basic gneiss 
inclusions. The extent of the Haddeland quartz monzonite on the 
southern border of the area to the west of the L i t t l e Kvina valley 
i s probably small. 
8. 
f ) Age. 
Age dates f o r material from the Telemark-Hogaland province 
have been given by Neumann ( 1960 ), Broch ( 1964 ) and J.Mchot 
and Posteels ( 1968 ) , Pot as slum-argon dates f o r minerals from 
the Egersund region range from 437 m.y. f o r pegmatite a l k a l i 
feldspar to 864 m.y. f o r b i o t i t e from no r i t e . Rubidium-strontium 
ages of Eogaland b i o t i t e s range from 820 m.y. to 900 m.y. Whole 
rock and a l k a l i feldspar rubidium-strontixim ages and zircon 
uranium to lead ages range from 1000 m.y. to 1050 m.y. The 
pegmatite phase of the farsundite i n t r u s i o n has been dated at 
825 m.y. using the potassium-argon method on a b i o t i t e and at 
920 m.y. using the uranium-lead method on uraninite, euxenite 
and t h o r i t e . J.Michot and Posteels ( op. c i t . ) conclude that the 
int r u s i v e phase i n Rogaland ended at 930 m.y. before present. 
The term Sveconorwegian orogeny, introduced by Magnusson ( 1965 ) 
to cover a period of regional high temperature rock a l t e r a t i o n 
dated at 950 m.y. to 1000 m.y. i n south-west Sweden and south-
east Norway, can also be applied to the main metamorphism of the 
Telemark-Eogaland province. 
Rhenium-osmium dates of several molybdenites are reported 
i n Neumann ( 1960 ) . The average age of the Telemark deposits 
has been calculated as 708 m.y, but the Kobberknuten deposit on 
the northern Setesdalheiene has a s i g n i f i c a n t l y greater 
apparent age of 862 i 10 m.y. 
The discovery of a gneiss horizon containing aggregates 
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of plagioclase crystals i d e n t i c a l i n composition to those of 
the Rogaland anorthosites by Falkum ( 1967 ) may provide some 
evidence of age relationships w i t h i n the Telemark-Rogaland 
province lith o s t r a t i g r a p h y . 
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2. THE SIRDALSVATN SERIES 
This d i s t i n c t i v e gneiss formation has been traced from the 
core of the Feda antiform ( plate 4 ) along a continuous but 
sinuous outcrop northwards as f a r as Skredadalen, to the west 
of 0vre Sirdal, a distance of some 70 kilometres. Within the Sirdal-
^ e r a l area the series can be subdivided into two l i t h o s t r a t i -
graphicai u n i t s , the Feda augen gneiss and the Tonstad layered 
feldspathic gneiss. The Feda augen gneiss i s easily i d e n t i f i a b l e 
i n i t s t y p i c a l form with euhedral a l k a l i feldspar crystals, often 
ten centimetres i n length ( plate 3b ) . I n some of the exposures 
north of Sirdalsvatn the augen gneiss contains smaller phenoblasts 
and i n certain horizons i s interspersed with g r a n i t i c gneiss, 
pegmatite and basic layers. The Tonstad gneisses emerge from 
beneath the augen gneiss i n the antiformal nose near ELeivi on 
the south-western boundary of the area. From there they 
outcrop northwards along the eastern side of Sirdalsvatn and i n 
the Sira valley. They are predominately layered feldspathic 
gneisses, often p o r p h y r i t i c , but include more basic layers 
several metres thi c k . 
a) The Feda augen gneiss. 
A t y p i c a l specimen of massive augen gneiss contains pale 
pink euhedral to subhedral potassium feldspar crystals with 
simple twins set i n a quartz d i o r i t i c matrix. The large single 
c r y s t a l augen frequently exhibit some degree of preferred 
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o r i e n t a t i o n with t h e i r y axes perpendicular to the f o l i a t i o n of 
the matrix. The smaller phenoblasts range down to the matrix grain 
size and are more i r r e g u l a r i n shape, a few consisting of mosaics 
rather than.single crystals. The majority of both augen and matrix 
a l k a l i feldspar grains are untwinned but show irregular and 
undulatory extinction. Careful examination of any t h i n section 
w i l l reveal a few grains with a f a i n t development of g r i d i r o n 
twinning, pa r t i c x i l a r l y at t h e i r margins. Other grains i n the same 
t h i n section may have almost unifom extinction. Albite i n t e r -
growths i n the forms c l a s s i f i e d by Andersen ( 1928 ) as f i l m and 
drop perthites are common i n crystals of a l l sizes. Inclusions of 
quartz, b i o t i t e and oligoclase rimmed with a l b i t e are scattered 
throughout the larger phenoblasts. Bulbous mymekite projects 
from oligoclase grains into the larger a l k a l i feldspar augen that 
they surround. 
The matrix of a t y p i c a l massive augen gneiss contains 
20J^ by volume quartz, l^fo a l k a l i feldspar, 505S oligoclase, Afa 
b i o t i t e , 75^  hornblende and 2fo clinopyroxene with a few grains 
of ilmenite, magnetite, apatite, zircon, p y r i t e and chalcopyrite. 
The b i o t i t e shows pleochroism from straw to deep chestnut brown 
and the hornblende from pale yellow-green ( X ) to brownish green 
( Y ) to deep green ( Z ) . Strain e x t i n c t i o n domains i n quartz 
and deformed plagioclase twin lamellae are indicative of post-
c r y s t a l l i s a t i o n stress. 
The massive augen gneiss frequently contains t h i n concordant 
but i r r e g u l a r layers of f i n e granular a p l i t e ( Plate 3b ) and 
amphibolite layers or lenses. Much of the Feda augen gneiss i s 
more heterogeneous and may contain horizons of layered gneisses 
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several dekametres t h i c k . These gneisses are mostly pink and 
pale grey equigranular quartzo-feldspathic rocks with some t h i n 
b i o t i t e - r i c h lenses and streaks. Some of the thicker pale grey 
gneiss layers may contain scattered phenoblastic potassium 
feldspar crystals s i m i l a r to those i n the massive augen gneiss. 
Coarse-grain pink feldspar-rich layers and cross-cutting veins 
are also widespread. The association of augen gneiss with other 
rocks i s p a r t i c u l a r l y complex to the north and west of Tonstad. 
Augen gneiss occurs either as irr e g u l a r masses surrounded by pale 
pink granular a p l i t e with quartz segregations ( Plate 5a ), or 
interlayered with other gneisses. Inclusions of basic and 
intermediate gneiss i n the form of r e l i c f o l d noses or t h i n 
lenses are widespread i n both augen gneiss and adjacent feldspathic 
gneiss horizons. Some of the feldspathic gneiss layers also 
display minor folding on a larger scale. 
Augen gneiss from d i f f e r e n t l o c a l i t i e s shows a sub-
s t a n t i a l v a r i a t i o n i n the size of the potassium feldspar 
phenoblasts and i n the composition of the matrix. I n the Tonstad 
area the maximum dimension of the augen i s about two cm. and the 
matrix i s less basic than i n the largest feldspar variety. 
Petrographically the augen gneiss from north of Tonstad d i f f e r s 
from other types i n the absence of clinopyroxene and the presence 
of sphene as rims to oxide mineral grains. A further variety of 
augen gneiss with r e l a t i v e l y small phenoblasts from near Ersdal 
i n the extreme south-western corner of the area has a more basic 
matrix with clinopyroxene i n greater abundance than hornblende. 
The plagioclase i s untwinned and a n t i p e r t h i t i c and the a l k a l i 
13. 
Plate 3. 
Plate 5a. 
Exposure of Feda augen gneiss i n roadside west of Tonstad. The complex 
relationship between the augen gneiss, here with dark r e l a t i v e l y 
hornblende-rich matrix, and fine-grain granular leucogranite i s 
apparent. Thin i r r e g u l a r quartz-rich la y e r s occur i n parts of the 
leucogranite. 
Plate 5b. 
Contrasting types of the Tonstad layered feldspathic gneiss separated 
by healed f a u l t i n roadside section j u s t south of Tonstad. The well-
layered feldspathic gneisses on the l e f t of the photograph turn into 
the fault plane which i s f i l l e d with a few centimetres of f a i n t l y layered 
granular g r a n i t i c rock. The more homogeneous gneiss on the right of 
the photograph abuts sharply against the f a u l t plane. Height of 
section i s about 2 metres. 
I 
1^  
P l a t e 5. J 1 9 OCT i972 
feldspar also untwimed with l i t t l e trace of undulatory extinction, 
b) The Tonstad layered feldspathic gneiss. 
The contact between the Feda augen gneiss and the Tonstad 
layered feldspathic gneiss i s extremely diffuse. Within a wide 
t r a n s i t i o n a l zone the matrix of augen gneiss layers gradually 
becomes more leucocratic and the size of phenoblasts smaller. The 
proportion of interlayered equigranular granite gneiss gradually 
increases, displacing the porphyroblastic layers u n t i l only 
isolated horizons p e r s i s t . 
Parts of the Tonstad gneiss series are sharply and 
regularly layered with pale grey and pale pink coloured horizons. 
The darker layers contain less quartz but more plagioclase, 
b i o t i t e and the opaque phases than the adjacent pink horizons. The 
proportion of a l k a l i feldspar i s only s l i g h t l y less i n the pale grey 
horizons however. I n contrast other sections are more homogeneous 
and compositional layering i s more diffuse ( Plate 5^ ). These 
rocks are generally richer i n a l k a l i feldspar and contain some 
granular leucogranite layers and others r i c h i n magnetite with 
only a l i t t l e b i o t i t e . A l k a l i feldspar i n these gneisses i s 
p e r t h i t i c with i r r e g u l a r and undulatory extinction but grains 
with g r i d i r o n twinning also exist. The larger plagioclase grains 
are frequently a n t i p e r t h i t i c and rims of clear a l b i t e are 
abundant. B i o t i t e i s the only mafic s i l i c a t e present, except i n 
a few grey horizons with large scattered hornblende grains, and 
i s pleochroic from pale straw yellow to chestnut brown though i t 
i s i n places altered t o c h l o r i t e . 
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c) Basic gneisses w i t h i n the Sirdalsvatn series. 
Both the Feda augen gneiss and Tonstad gneiss contain 
horizons of more basic gneiss. Hornblende-bearing gneisses 
of intermediate to basic composition occur either as t h i n aM 
ir r e g u l a r layers and lenses within the predominantly 
quartzofeldspathic Tonstad gneisses or as thicker bodies within 
the Feda augen gneiss. A l l examples of these rocks contain some 
modal a l k a l i feldspar and i n the augen gneiss even the thicker 
amphibolites contain some irregular veins and lenses of potassium 
feldspar r i c h pegmatitic leucosome. Mineralogically the basic 
layers i n the Tonstad gneisses d i f f e r from adjacent more 
s i l i c e o u ^ r i z o n s c h i e f l y i n the presence of hornblende as a 
major component. The hornblende i s similar to that of the matrix 
of the Feda augen gneiss with a brownish-green ( Z )-axial coloiir. 
The large size and r e l a t i v e abundance of apatite and zircon 
grains i s also a feature of these gneisses. The opaque oxide 
phases consist of magnetite and ilmenite with much exsolved hematite 
either regularly d i s t r i b u t e d as lenses of various sizes ( Plate 6a ) 
or as larger and irregulax patches. The thicker amphibolites 
d i f f e r from the augen gneiss matrix only i n the smaller 
proportion of quartz and a l k a l i feldspar and i n the greater amount 
of hornblende present, 
A fur t h e r type of basic gneiss with b i o t i t e and clin o -
pyroxene as the main mafic s i l i c a t e phases i s also widespread 
i n the Sirdalsvatn series. These rocks occur i n layers from a 
-few cm. to several metres i n thickness. One thick horizon of these 
d i s t i n c t i v e rocks has been traced f o r several kilometres i n the 
Tonstad gneisses. Though rather variable i n composition, these 
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Plate 6. 
Plate 6a. 
Photomicrograph taken i n reflected l i g h t of three size generations of 
exsolved hematite i n ilraenite. Specimen i s from an oxide-sulphide 
ore segregation i n the Kvinesdal g r a n i t i c gneiss near Knaben. Similar 
textures are found i n many amphibolites and biotite-clinopyroxene 
gneisses throughout the area. Magnification x 250. 
Plate 6b. 
Photomicrograph taken i n plane polarised l i g h t of garnet-cordierite gneiss 
from the Lervig gneiss east of Tonstad. The garnet i s elongate and 
contains small b i o t i t e inclusions orientated p a r a l l e l to the long axis 
of the grain. Clear areas withi n and adjacent to the garnet are of 
quairtz. The two cloudy areas with low r e l i e f are p a r t i a l l y altered 
c o r d i e r i t e . The orien t a t i o n of the b i o t i t e grains w i t h i n the garnet i s 
also p a r a l l e l to the planar fabric of other parts of the rock. 
Magnification x 50. 
a 
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gneisses a l l contain quartz, a l k a l i feldspar, plagioclase, 
b i o t i t e , clinopyroxene, apatite and opaque phases. Potassium 
feldspar ranges as a component from an accessory to about 40 
volume io of the rock and i s usually tmtwinned with some drop 
p e r t h i t e , Sphene i s sometimes a conspicuous minor phase and the 
opaque minerals axe t y p i c a l l y magnetite, ilmenite with a great 
deal of exsolved hematite and p y r i t e , A few horizons may also 
contain a l i t t l e hornblende showing a brownish- green ( Z ) -
axial colour. 
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3. THE FLEKKEFJOHD SEHIES 
A l l the gneisses above the Sirdalsvatn series are included 
i n one group, the Flekkef jord series, although there i s an 
apparent discontinuity towards tiie base of the sequence. The 
series i s divided into a number of l i t h o s t r a t i g r a p h i c a l units, 
some of which have also been recognised by Falkum ( 196? ) i n the 
Flekkefjord area. The apparent stratigraphical sequence of the 
units i s as follows :S-
Oddevassheii layered basic and feldspathic gneiss 
F L o f j e l l massive quartzofeldspathic gneiss 
Knaben layeired basic and feldspathic gneiss 
Kvinesdal massive quartzofeldspthic gneiss 
Lande layered basic and feldspathis gneiss 
0ie layered quartzofeldspathic gneiss 
apparent discontinuity 
Gyadal gametiferous gneisses 
Lei:vig layered basic and feldspathic gneiss 
discontinuity 
Sirdalsvatn Series. 
The Knaben, F l o f j e l l and Oddevassheii gneisses are a l l 
s t r u c t u r a l l y above the highest u n i t recognised by Falkum i n 
the Flekkef jord area. Thicknesses are almost impossible to 
gauge because of widespread mesoscopical folding, sometimes 
only evident i n very fresh exposures. 
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A sharp contact separates the Flekkefjord series from 
the underlying Sirdalsvatn series. To the south-west of 
Sandvatn there i s a sharp, roijghly concordant junction between 
massive Feda augen gneiss and a quartzofeldspathic gneiss with 
f a i n t layering which passes eastwards into more heterogeneous 
Lezvig gneiss. Further north i n the Sandvatn area, though the 
boTondary i t s e l f i s obscured, there i s a pronounced discontinuity 
i n s t r i k e between the two series. North of Espetveit the contact 
i s often obscured by vegetation but a low angle discordance i n 
regional f o l i a t i o n can often be obseirved on either side of the 
presumed junction. I n the Sira valley the contact has been 
observed as a plane dipping to the east at a lower angle than 
the gneissic layering. L i t t l e of the western contact of the 
Sirdalsvatn series i s exposed on the eastern side of the lake 
but where i t can be observed the Feda augen gneiss i s i n sharp 
contact w i t h layered or quartzofeldspathic gneiss with apparent 
conformity. 
a) The Lervig gneiss 
This series of rooks i s extremely heterogeneous with layers 
ex h i b i t i n g 23 d i f f e r e n t mineral assemblages neglecting accessory 
minerals and those produced as a result of retrograde metamorphism. 
The parageneses are divided into four major categories and l i s t e d 
below. 
Quartzofeldspathic gneisses. 
1) Quartz - K-feldspar - Plagioclase - B i o t i t e . 
2) Qaartz - K-feldspar - Plagioclase - B i o t i t e - Hornblende 
- Sphene. 
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3) Quartz - K-feldspar - Plagioclase - B i o t i t e -
Orthopyroxene. 
Garnet-bearing gneisses. 
4) Quartz - K-feldspars - Plagioclase - B i o t i t e - Almandine. 
5) Quartz - K-feldspax - Plagioclase - B i o t i t e - Spinel -
Almandine - Sphene, 
6) Quairtz - K-feldspar - Plagioclase - B i o t i t e - Almandine 
Cordierite. 
7) Quartz - Plagioclase - B i o t i t e - Almandine. 
8) Quartz - Plagioclase - B i o t i t e - Almandine - Cordierite. 
9) Quartz - Plagioclase - Grossular - Clinopyroxene -
Scapolite - Sphene. 
10) K-feldspar - Plagioclase - B i o t i t e - Almandine. 
Quartz-bearing basic gneisses. 
11) K-feldspar - Plagioclase - B i o t i t e - Hornblende -
Clinopyroxene. 
1-2) K-feldspar - Plagioclase - B i o t i t e - Hornblende -
Clinopyroxene - Orthopyroxene. 
13) Plagioclase - B i o t i t e - Hornblende. 
14) Plagioclase - Hornblende - Clinopyroxene. 
15) Plagioclase - B i o t i t e - Hornblende - Clinopyroxene. 
16) Plagioclase - B i o t i t e - Hornblende - Orthopyroxene. 
17) Plagioclase - B i o t i t e - Hornblende - Clinopyroxene -
Orthopyroxene. 
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Quartz-free basic gneisses. 
18) Plagioclase - B i o t i t e - Hornblende. 
19) Plagioclase - B i o t i t e - Orthopyroxene. 
20) Plagioclase - B i o t i t e - Hornblende - Clinopyroxene. 
21) Plagioclase - B i o t i t e - Hornblende - Orthopyroxene. 
22) Plagioclase - B i o t i t e - Hornblende - Clinopyroxene -
Orthopyroxene. 
23) Plagioclase - Hornblende - Clinopyroxene - Orthopyroxene. 
With the exception of assemblage 9 and some examples of 
assemblage 7 a l l the gneisses also contain magnetite. 
Ilmenite is. present i n a l l the more basic rocks. Apatite 
and zircon are common accessory minerals v*iile a l l a n i t e i s 
only noticeable ..in c ertain feldspathic gneisses of intermediate 
composition. Small amounts of py r i t e are widespread i n many of 
the hornblende-bearing gneisses and pyrrhotite occurs i n some of 
the basic amphibolites. Fine sulphide i s disseminated i n a few 
t h i n horizons with i n b i o t i t e - r i c h quartzofeldspathic gneiss. 
The rusty staining of these fahlbands makes them conspicuous i n 
weathered outcrops. Though most of the sulphide i s p y r i t e , a few 
layers also contain chalcopyrite. 
Assemblages 1,2,13,15»17>18,20 and 22 are by f a r the most 
abundant i n the Lervig gneiss. The garnet-bearing rocks, though 
conspicuous, amount to a small proportion of the t o t a l sequence. 
Many of the other assemblages have been found only i n t h i n isolated 
layers. Thick p y r i b o l i t e horizons occur,particularly i n the lower 
part of the Lervig gneiss. They often exhibit fine diffuse layering 
and also contain t h i n white plagioclase sheets, some of which are 
s l i g h t l y discordant. Other py r i b o l i t e s show sharper compositional 
layering and contain lensoid inclusions of more basic rock. 
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Amphibolites, sometimes with clinopyroxene, are more abundant i n 
the upper Lervig gneiss where they occur either as thick 
horizons of layered rocks or as t h i n isolated bodies withi n 
predominantly feldspathic gneisses. The basic gneisses are 
interlayered c h i e f l y with either a g r a n i t i c rock with only f a i n t 
layering or sharply layered b i o t i t e - r i c h feldspathic gneisses. 
The g r a n i t i c gneiss contains a few t h i n concordant sheets of 
coarse-grained pink potassium feldspar-rich neosome. The layered 
b i o t i t i c and feldspathic gneisses are extremely variable i n 
composition and may include some horizons with hornblende i n 
addition to b i o t i t e and granular leucocratic rocks i n sheets up 
to several metres t h i c k . Magnetite replaces b i o t i t e as the major 
dark mineral i n these granular horizons. 
The plagioclase of the layered p y r i b o l i t e s i s r e l a t i v e l y 
sodic with an anorthite content of between Z^fo and 33^. The 
darker massive lensoid p y r i b o l i t e s contain more calcic plagioclase 
with anorthite contents of about 45?^ » The b i o t i t e of these rocks 
shows a d i s t i n c t i v e pleochroism from pale orange to a deep red. 
The pleochroic scheme of the hornblende i s from pale yellow ( X ) 
to greenish brown ( Y ) to brown ( Z ) , Clinopyroxene i s 
colourless but orfchopyroxene shows marked pleochroism. A l l 
four mafic s i l i c a t e minerals are quite fresh and occur together 
without reaction rims or other te x t u r a l indications of d i s -
equilibrium. The ilmenite i s usually without v i s i b l e exsolved 
hematite. 
A deep red-coloured b i o t i t e i s also found i n the ortho-
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pyroxene-bearing quartzofeldspathic gneisses and many of the 
gametiferous rocks. The b i o t i t e of amphibolites and other 
feldspathic gneisses i s , i n contrast, a chestnut brown. A green 
tinge i s present i n the ( Z )-axial colours of hornblendes 
from amphibolite and intermediate gneiss horizons. The amphi-
b o l i t e s also d i f f e r from the pyroxene-bearing gneisses i n t h e i r 
more variable and calcic plagioclase compositions ( up to An 55 5^  ) ' 
The grains of ilmenite i n the amphibolites may either be without 
v i s i b l e exsolution or contain a l i t t l e fine grain hematite. 
A l k a l i feldspar grains of the more leucocratic gneisses are 
untwinned and show either uniform or s l i g h t l y undulatory 
e x t i n c t i o n . Drop p e r t h i t i c texture i s common but mynnekite 
and a l b i t e rims to plagioclase are not as well developed as i n 
gneisses from the Sirdalsvatn Series, Garnets are usually 
lensoid with inclusions of b i o t i t e p a r a l l e l to the planar fabric 
of the matrix ( Plate 6b ), though some grains i n the same 
e3q)osure may be subhedral and sharply discordant to the matrix. 
A more migmatitic facies of the Leirvig gneiss i s developed 
i n areas of p a r t i c u l a r l y intense and complex deformation. I n 
the region of complex fo l d i n g to the east of Espetveit basic 
gneiss horizons are interlayered with thick coarse-grained 
pegmatites. The thinner amphibolite layers are often broken up 
and penetrated by surrounding g r a n i t i c rocks. I n some layers the 
process has been intense enou^ to produce agnatic structure. 
Mgmatite i s best developed i n the area north and east of Sandvatn 
w i t h i n a domain of complex folding. Pegmatoid and a p l i t i c 
leucosomes are widespread both i n the form of irregular pods 
and lenses and concordajit and discordant sheets. The a l k a l i 
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feldspar of both paleosome and neosome has undulatory extinction 
and f i l m perthite exsolution but unlike other similar Lervig 
gneiss rocks some of the grains also have diffuse cross-hatch 
twinning. 
A series of d i s t i n c t i v e garnet-bearing granitic gneisses 
overlies the t y p i c a l basic layered Lervig gneiss i n the Sira 
v a l l e y to the north of Guddal. These rocks are similar to the 
' white gneisses of 0rsdalen ' described by Heier ( 1956 ) from 
an area to the north-west of Tonstad and remapped by Tobi 
( 1965 ) as the ' Gyadal gametiferous migmatites '. They are 
mostly phenoblastic quartzofeldspathic gneisses with scattered, 
often lensoid almandine garnets and streaks and lenses richer i n 
b i o t i t e . Throu^out these gneisses there are also small bodies 
of pegmatoid rock with large euhedral garnets and layers of 
white granular rock with small scattered garnets. B i o t i t e and 
magnetite are completely absent from these rocks. 
The potassium feldspar of these gneisses i s a microcline 
p e r t h i t e with sharp twinning. The included alb i t e i s abundant i n 
the form of fine f i l m s and lenses. The intergrowth i s not as 
intimate as i n the mesoperthites of the 0rsdalen rocks however. 
Included potassium feldspar i s common i n the larger plagioclase 
grains. The b i o t i t e i s similar i n colour to the mineral i n the 
quartzofeldspathic rocks of the Lervig gneiss. 
The gametiferous gneisses of the Sira valley have been 
provi s i o n a l l y correlated with the ' Gyadal gametiferous 
migmatites ' mapped by Tobi ( 1965 ) to the west of the Sira 
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v a l l e y though the two outcrops have not yet been connected. None of 
the d i s t i n c t i v e blueish-grey rocks with garnet, c o r d i e r i t e , 
s i l l i m a n i t e and graphite which are characteristic of some parts 
of the u n i t mapped by Tobi ( op.cit. ) have so f a r been discovered 
w i t h i n the Sira valley. I n the Sira valley these rocks overlie 
the Lervig gneiss with apparent conformity but south of Guddal 
they lens out against the base of the 0ie gneiss. These 
relationships can.be explained i n terms of a discontinuity at 
the base of the .fie gneiss. 
b) The liie gneiss. 
The predominant rock of t h i s l i t h o s t r a t i g r a p h i c a l u n i t 
i s a medim-grain pale grey quartzofeldspathic gneiss with a 
phenoblastic texture i n places. I n fresh exposures the irack i s 
seen to be layered with pale pink and pale grey, more mafic 
horizons. Streaks and lenses richer i n b i o t i t e are also frequent 
and as these tend to weather more r e ^ l y than the more siliceous 
layers, the rock has a d i s t i n c t i v e ribbed appearance i n the denuded 
upland exposures. Other parts of the u n i t are more homogeneous 
and a pale pink colour but streaks of more b i o t i t i c rock can 
s t i l l be found. Sheets of fine-grained granular leucogranite and 
t h i n layers of coarse a l k a l i feldspar r i c h neosome are widespread, 
p a r t i c u l a r l y i n the more uniform gneisses. 
Most of the a l k a l i feldspar of these gneisses i s a ' 
microcline with coarse drop.perthite inclusions but a few grains 
with, undulatory ex t i n c t i o n also coexist. Both quartz and 
plagioclase often show s t r a i n extinction and myrmekite i s 
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frequent, B i o t i t e shows pleochroism from pale yellow-brown to 
a medium brown but may also be p a r t l y altered to c h l o r i t e . 
Zircon, apatite, a l l a n i t e and magnetite are the usual accessory 
minerals. 
The lower contact of the fi5ie gneiss with the Lervig gneiss 
i s r e l a t i v e l y sharp and i n some areas s l i g h t l y discordant. 
The upper contact v/ith the Lande gneiss i s gradational. Within 
the contact zone the gneissic layering becomes more pronounced 
and basic gneisses appear,often i n the form of schollen. 
c) The Lande gneiss 
This series of layered basic and feldspathic gneisses 
i s i n many respects similar to the Lervig gneiss. The 11 mineral 
assemblages that have been encounted i n the unit are l i s t e d 
below, 
Quartzofeldspathic gneisses. 
1) Quartz - K-feldspar - Plagioclase - B i o t i t e . 
2) Quartz - K-feldspar - Plagioclase - B i o t i t e - Hornblende 
- Sphene. 
3) Quartz - K-feldspar - Plagioclase - B i o t i t e -
Orthopyroxene. 
Quartz-bearing basic gneisses. 
4) Plagioclase - B i o t i t e - Hornblende. 
5) Plagioclase - B i o t i t e - Hornblende - Clinopyroxene. 
6) Plagioclase - B i o t i t e - Hornblende - Orthopyroxene. 
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7) Plagioclase - B i o t i t e - Hornblende - Glinopyroxene -
Orthopyroxene. 
Quartz-free basic gneisses. 
8) Plagioclase - B i o t i t e - Hornblende. 
9) Plagioclase - Hornblende - Clinopyroxene. 
10) Plagioclase - B i o t i t e - Ho23iblende - Clinopyroxene 
Orthopyroxene. , " 
The Lande gneiss d i f f e r s from the Lervig gneiss i n the 
presence of amphibolite and p y r i b o l i t e layers vath very l i t t l e 
or no opaque iron oxide phases. Other p y r i b o l i t e horizons 
contain e i t h e r ilmenite alone or ilmenite and magnetite. The 
common accessory minerals are apatite, zircon, a l l a n i t e and pyr i t e , 
often with a l i t t l e included chalcopyrite. Pine-grain disseminated 
p y r i t e i s also present i n a few t h i n quartzofeldspathic gneiss 
layers but i t not as widespread as i n the Lervig gneiss. 
No garnet-bearing rocks have been encounted by the 
author i n the LaMe gneiss .though Palkum ( 1965 ) mentions 
that s i l l i m a n i t e - co r d i e r i t e - ggj^net gneisses are characteristic 
of the same unit i n the PLekkefjord area. The p y r i b o l i t e with 
anorthositic inclusions, exhibiting a texture that has been 
interpreted by Palkum ( op.cit. ) as primary graded bedding and 
found by him i n the Lande gneiss at several l o c a l i t i e s , has not 
been observed by the author i n the present area. Py r i b o l i t e layers 
are not' as abundant i n the Lande gneiss as i n the Lervig gneiss 
and tend to be more intimately interlayered with amphibolites, 
clinopyroxene amphibolites and more siliceous gneisses. The 
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leucocratic components of these intimately-layered gneisses are 
themselves extremely variable i n composition, p a r t i c u l a r l y with 
respect to the proportion of a l k a l i to plagioclase feldspar. 
Layers of fine-grained granular rock are frequent, either pink 
a l k a l i feldspar-rich or less commonly of pale greenish plagio-
clase and quartz. Other parts of the Lande gneiss are more 
feldspathic with t h i n b i o t i t e r i c h streaks and lenses and few 
horizons of basic gneiss often penetrated by adjacent g r a n i t i c 
rocks ( Plate 7a )• More massive and phenoblastic quartzo-
feldspathic gneiss hoiizons also exist. 
The basic gneisses frequently contain t h i n layers and 
lenses of white plagioclase-rich neosome ( Plate 7b ), some of 
which exhibit ptygmatic folding. Other more massive basic 
gneisses contain t h i n discordant veins of basic pegmatite with 
isolated euhedral ajnphibole or pyroxene crystals. Layers and 
pods of pegmatbid leucosome are found i n the more feldspathic 
facies of the gneiss but are not numerous. A few sharply 
discordant d i l a t i o n a l pegmatite veins cut the more basic 
horizons. Some of the gneisses at the top of the sequence have 
been intensely deformed into augen gneiss with granular 
composite quartzofeldspathic eyes surrounded by a dark b i o t i t e 
and hornblende-rich matrix ( Plate 8a ) . 
The mineralogy of the p y r i b o l i t e s i n very similar to 
that of the same rocks i n the Lervig gneiss. The ( z )-axial 
colour of the hornblende has a greenish tinge however. The four 
mafic s i l i c a t e s are also usually fresh thotigh orthopyroxene may 
sometimes show sli g h t a l t e r a t i o n . The Lande gneiss p y r i b o l i t e s 
frequently exhibit diffuse layering i n t o homblende-rich and 
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Plate 7. 
Plate 7a. 
Roadside exposure of feldspathic Lande gneiss with basic horizons from 
Kvina valley north of Netlandsnes. The basic horizon f i s h - t a i l s into 
and i s penetrated by the adjacent g r a n i t i c rock. The f a i n t layering 
w i t h i n the g r a n i t i c gneiss i s p a r t l y obscured by the weathered nature 
of the exposure. 
Plate 7b. 
Roadside exposure of layered basic and felspathic Lande gneiss from 
east side of Kvina r i v e r near Moland. The rock i s very heterogeneous 
with basic gneiss lenses, some with sheets of plagioclase-rich neosorae, 
and finely-layered more b i o t i t e - r i c h gneiss. 
P l a t e 7. 
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Plate 8. 
Plate 8a. 
Deformed gneiss at top of Lande gneiss, Novassheii, near Kvinlog, 
Spindle-shaped composite augen of gramular quartz and feldspsir grains 
are surrounded by a dark b i o t i t e cind hornblende-rich matrix. 
Plate 8b. 
Photomicrograph taken i n plane polarised l i g h t of p y r i b o l i t e from Lande 
gneiss near Netland showing diffuse layering i n t o hornblende-rich and 
plagioclase plus pyroxene-rich components. Darker layers consist 
predominantly of hornblende and plagioclase with a l i t t l e b i o t i t e and 
ilmenite. The paler layers consist predominantly of plagioclase, a 
l i t t l e quartz, pyroxene grains, b i o t i t e and ilmenite. I n the 
photograph the larger elongate pyroxenes are clinopyroxene and the 
smaller and rounded grains, orthopyroxene. Magnification x 9. 
P l a t e 8. 
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plagioclase and pyroxene-rich components ( Plate 8b ). Unlike 
the Lervig gneiss the Lande gneiss contains several horizons of 
orthopyroxene-bearing basic gneiss without clinopyroxene. Mineral-
ogi c a l l y these rocks are very similar to the p y r i b o l i t e s . 
B i o t i t e varies i n the Lande gneiss amphibolites from a 
major constituent to an accessory mineral i n some almost pure 
plagioclase hornblende rocks ( Plate 9a ). I t varies i n colour 
from dark red to a deep brown. The ( z ) -axial colour of 
hornblende i n these rocks also ranges from brown-green to green 
and i n a few cases i s blue-green. B i o t i t e s from hornblende-
bearing intermediate gneisses show. pleochroism from straw to 
dark o l i v e brown and the amphiboles have blueish t i n t s . The 
microperthitic potassium feldspar of these more siliceous gneisses 
exhibits straight to undulatory extinction. I n the g r a n i t i c 
gneisses t h i s mineral i s usually a microcline with included 
drop and f i l m p e r t h i t e , though a few grains withi n any section 
may be untwinned. The larger plagioclase grains i n the quartzo-
feldspathic gneisses are frequently a n t i p e r t h i t i c and the 
smaller crystals are rimmed with clear a l b i t e . B i o t i t e i s a 
dark brown except i n the orthopyroxene-bearing g r a n i t i c rocks 
where i t i s d i s t i n c t l y red i n colour. Sphene i s conspicuous i n 
many of the a l k a l i feldspar-bearing intemediate gneisses, either 
rimming oxide grains or as separate crystals. Ilmenite i s without 
v i s i b l e hematite exsolution. 
The Lande gneiss on the eastern limb of the Kvina valley 
antiform becomes more feldspatHc with r e l a t i v e l y few basic gneiss 
horizons as i t i s traced northwards. I n the upper Kvina valley, 
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Plate 9. 
Plate 9a. 
Photomicrograph taken i n crossed polarised l i g h t of amphibolite from the 
Lande gneiss. The photograph shows a mosaic of hornblende and 
plagioclase with one small b i o t i t e grain near the centre of the f i e l d . 
A few small apatite grains are v i s i b l e w i t h i n plagioclase crystals. 
Twinning i s r e l a t i v e l y scarce i n the plagioclase. Magnification x 100. 
Plate 9b. 
Photomicrograph taken i n crossed polarised l i g h t of t y p i c a l Kvinesdal 
g r a n i t i c gneiss from west of Knaben. The section shows microcine 
with pronounced cross-hatch twinning, often with small rounded grains of 
plagioclase at the centre of each c r y s t a l . Twinned and untwinned 
plagioclase grains are of various sizes and often with t h i n a l b i t e 
rims p a r t i c u l a r l y where the crystals are i n contact v/ith a l k a l i feldspar. 
There are also a few areas of clear white quartz. Magnification x 50. 
a 
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to the north-east of Homstad, the layered rocks have been invaded 
or l a r g e l y replaced by a coarsely porphyritic gneissic ' granite ', 
varying i n composition from adamellite to granodiorite and quartz 
monzonite. There are abundant r e l i c s of layered gneiss however, 
though often the minor f o l d hinge zones are a l l that i s preserved. 
Other parts of the porphyritic gneiss exhibit diffuse compositional 
layering i n which i t i s s t i l l possible to trace the outline of 
minor f o l d noses. Many of the thinner basic gneiss layers contain 
scattered a l k a l i feldspar phenoblasts. More massive parts of the 
po r p h y r i t i c gneissic 'granite' show a broad scale diffuse hetero-
geneity with some sectors r e l a t i v e l y r i c h i n hornblende. The most 
basic facies of these 2X)cks contain quartz, microcline, a n t i -
p e r t h i t i c oligoclase, olive-brown b i o t i t e , blue-green hornblende, 
magnetite and sphene. The few amphibolite horizons w i t h i n these 
gneisses also contain hornblende with a blue tinge. 
The layered basic and feldspathic gneiss which surrounds 
and i s included i n the margins of the Pjotland porphyritic 
gneissic granite dome have been t e n t a t i v e l y correlated with the 
Lande gneiss. A t h i n impersistent horizon of layered feldspathic, 
b i o t i t i c and basic gneisses can be traced along much of the 
eastern limb of the f o l d . I t i s thickest to the north of Isevatn 
where several layers of basic gneiss occur. The gneisses toiiie south-
west of the dome are thicker and more feldspathic but extensively 
replaced by and interlayered with the porphyritic gneissic graiiite. 
Schollen of amphibolite are frequent and some thicker basic gneiss 
layers can be traced f o r some distance w i t h i n the margin of the 
domal gneissic granite. The layered gneiss on each limb of the 
f o l d converge i n the southern part of the area and are presumed to 
close a l i t t l e way beyond the region mapped. 
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The basic layers of thi s gneiss d i f f e r from those of the 
t y p i c a l Lande gneiss i n generally containing a l k a l i feldspar, 
usually i n the form of microcline microperthite. True amphi-
bo l i t e s are i?elatively uncommon and no orthopyroxene-bearing 
gneisses have been observed. There are several layers of b i o t i t e r 
homblender-clinopyroxene and biotite-clinopyroxene gneisses 
however. The l a t t e r are i n many respects similar to rocks of 
the Sirdalsvatn series but are less extreme i n composition, 
B i o t i t e s from these gneisses show pleochroism from pale 
yellow or orange to dark brown, sometimes with an olive t i n t . 
Hornblendes from both amphibolites and a l k a l i feldspar-bearing 
gneisses have green or blue-green ( z )-axial colours. 
d) The Kvinesdal gneiss. 
The predominant rock of t h i s u n i t i s a massive pink 
medium to coarse-grained phenoblastic gr a n i t i c gneiss. Thin 
fi n e - g r a i n layers r i c h i n b i o t i t e and a few horizons of 
hornblende-bearing gneiss are scattered throughout the sequence 
but are never numerous, A body of f i n e r grained granite gneiss 
with poorer f o l i a t i o n occurs within the Kvinesdal gneiss to the 
west of Wetland but the relationship between i t and the surrounding 
phenoblastic gneiss i s uncertain. Pegmatite veins and pods are 
rare i n the Kvinesdal gneiss but layers and v&ins of granular 
leucogranite are more numerous. Though a l i t t l e v a r i a t i o n can be 
discerned i n the weathered outcrops of the Kvinesdal gneiss, 
fresh exposiires i n the rock demonstrate the existence of some 
compositional inhomogeneities. Though most of the rock i s coarsely 
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p o r p h y r i t i c , there are also horizons of mojce leucocratic gneiss 
v/ith smaller phenoblasts and b i o t i t e - r i c h streaks. I n a few of 
these exposures of fresh rock f a i n t traces of minor folds are 
outlined i n b i o t i t e - r i c h layers. 
The t y p i c a l phenoblastic gneisses contain large and 
small crystals of microcline, sometimes with drop and s t r i n g 
p e r t h i t e and often with rounded inclusions of either quartz 
or olioclase rimmed with a l b i t e ( Plate 9b ). B i o t i t e shows 
pleochroism from pale yellow to dark brown and coexists with 
accessory magnetite, apatite, zircon and sometimes a l l a n i t e . 
The hornblende-bearing intermediate gneisses contain p e r t h i t i c 
a l k a l i feldspar with undulatoiy extinction, olive-brown b i o t i t e , 
blue-green hornblende, magnetite and conspicuous sphene i n 
addition to quartz and oligoclase. Sphene occurs both i n thick 
rims around magnetite and as separate grains. The amphibolites 
are s i m i l a r i n mineralogy except that a l k a l i feldspar is- either 
a minor constituent or absent. 
e) The Knaben gneiss. 
This series of layered gneisses has an irregular outcrop 
of varying width and i s extensively interfingered with massive 
phenoblastic granite gneiss. I t consists of fine-grained 
quartzofeldspathic gneiss with abundant b i o t i t e - r i c h layers 
and several horizons of massive amphibolite. Many of the felds-
pathic gneisses are impregnated with f i n e sulphide and are 
conspicuous i n weathered exposures. Parts of the layered 
b i o t i t i c gneiss, p a r t i c u l a r l y to the north of Khaben, have been 
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deformed into augen gneiss with eyes of granular quartz and 
feldspar aroxand which the b i o t i t e r i c h matrix i s superposed. 
Some of these rocks may also be impregnated with fine-grain 
sulphide. Complex minor fo l d i n g can be observed i n an outcrop 
of the layered gneisses some f i v e km. south of the Knaben mine, 
but i s rare elsewhere. Amphibolites occur either as rather 
persistent layers or as lenses w i t h i n both layered b i o t i t e - r i c h 
feldspathic gneisses and massive phenoblastic gr a n i t i c gneiss. 
Ho garnet-bearing or pyroxene-bearing gneisses have been observed 
w i t h i n the Knaben gneiss. 
To the west of the main outcrop of laye2red gneiss are a 
few scattered horizons or isolated lenses of b i o t i t i c gneiss, 
augen gneiss or amphibolite with i n the massive phenoblastic 
granite gneiss. These rocks are included with i n the Knaben 
gneiss as they are closely similar to components of the main 
gneiss horizon. Within t h i s zone of included gneisses, there 
are also several horizons with i n the phenoblastic granite gneiss 
which also exhibit layering. I n these rocks there are pink and 
pale grey gr a n i t i c components, layers with scattei«d b i o t i t e -
r i c h streaks and several horizons of granular leucogranite. 
The main layered horizon of the Knaben gneiss varies 
considerably i n thickness along i t s length. To the north of the 
Kvina mine i t i s represented by a few t h i n horizons of fine grain 
b i o t i t e - r i c h quartzofeldspathic gneisses which become impersistent 
as traced further to the north. As the same horizon i s traced 
southwards down Litladalen i t again becomes t h i n and impersistent 
but towards Eiesland.in the south of the area.it thickens again 
considerably and becomes more basic i n composition. 
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The phenoblastic granite gneiss of the Khaben area i s 
pet2?ographically very s i m i l a r to the KvinesdaL gneiss. The 
layered b i o t i t i c and feldspathic gneisses contain either 
microcline with a l i t t l e drop and fi l m perthite or more 
p e r t h i t i c a l k a l i feldspar with undulatory extinction. The 
plagioclase i s c a l c i c oligoclase often with a thin rim of 
a l b i t e and myrmekite growths where grains are i n contact 
with a l k a l i feldspar c r y s t a l s . The b i o t i t e of these rocks 
shows pleochroisffl from pale yellow to a dark brown with a 
tinge of red and the l i t t l e hornblende present has a brown-
green ( z )-axial colour. The amphibolites of the Knaben gneiss 
are the most basic rocks of the article area and are quartz-free. 
The b i o t i t e content of thse gneisses varies from about 2?$ to 
about 25^ i n volume. Unlike other amphibolites of the Plekkef jord 
Series, the only oxide phase present i s ilmenite, sometimes 
with a l i t t l e exsolved hematite and sometimes accompanied by 
sphene. Apatite i s usually a conspicuous accessory mineral and 
p y r i t e i s widespread i n small amounts. The b i o t i t e of the 
amphibolites i s s i m i l a r i n colour to that of the layered gneisses 
and exhibits red brown colours while the hornblende has a brown-
green ( z )- a x i a l colour. 
f ) The F l o f j e l l gneiss. 
The eastern contact of the Knaben gneiss i s r e l a t i v e l y 
sharp against the E l o f j e l l massive phenoblastic g r a n i t i c gneiss, 
a rock close i n appearance to the Kvinesdal gneiss. The rock i s 
monotonously uniform except for a few thin horizons of d i f f u s e l y 
layered more b i o t i t e - r i c h gneiss. Some f i v e kilometres to the 
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north-north-east of Knaben i s a lensoid body about 600 metres 
wide of coarsely porphyritic granite gneiss with a l k a l i feldspar 
c r y s t a l s up to eight centimetres i n length. I t grades with a 
decrease i n the size of the phenoblasts into the surrounding 
t y p i c a l F L o f j e l l g-neiss. There i s l i t t l e difference i n composition 
or mineralogy between the matrices of the two rock types. 
There are also a few thin sheets of extremely potassic micio-
granite with 50 volume microcline within the Plof j e l l gneiss, 
g) The Oddevassheii gneiss. 
On the western side of the Ljosland intrusion i s a thick and 
persistent horizon of layered basic and b i o t i t e - r i c h feldspathic 
gneisses with some g r a n i t i c gneiss. The horizon i s truncated 
against the Ljosland intrusion to the north of Skjerkedalsrindan 
but widens northwards to the northern boundary of the area, 
to the west of Kvennevatn. The western contact of the Oddevassheii 
gneiss i s broad with r a f t s of folded layered b i o t i t e - r i c h gneiss 
surrounded by poorly f o l i a t e d massive granite. Most of the 
Oddevassheii gneiss i s composed of f i n e l y layered basic and 
feldspathic gneisses with more massive basic layers and fine 
granular g r a n i t i c rocks with b i o t i t e - r i c h streaks. Many of these 
quartzofeldspathic rocks are impregnated with fine-grain siilphide 
and are stained brown i n weathered outcrops. B i o t i t e and hornblende 
exhibit very pronounced preferred-orientation and minor folding 
i s very frequent within the layered rocks. The basic gneisses 
are s i m i l a r i n composition to those of the ISiaben gneiss and are 
q;uartz-free but i n other respects t h e i r mineralogy i s completely 
d i f f e r e n t with the universal presence of orthopyroxene. The 
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following f i v e mineral assembla^s have been encounted within 
the u n i t . 
1) Quartz - K-feldspar - Plagioclase - B i o t i t e -
Orthopyroxene. 
2) Plagioclase - B i o t i t e - Hornblende - Orthopyroxene. 
3) Plagioclase - B i o t i t e - Clinopyroxene - Orthopyroxene. 
4) Plagioclase - Hornblende - Clinopyrcxene - Orthopyroxene. 
5) Plagioclase - B i o t i t e - Hornblende - Clinopyroxene -
Orthopyroxene. 
Hornblende i s a r e l a t i v e l y minor constituent of these rocks 
and i s segregated into diffuse layers separated by hornblende-
free pyroxene gneiss. A l l the basic gneisses also contain 
magnetite with r e l a t i v e l y abundant exsolved ilmenite and 
ilmenite without v i s i b l e exsolved hematite. Basic gneiss with 
s i m i l a r mineralogy i s included i n r a f t s i n the margins of the 
Ljosland intrusion. Basic gneisses near the contact of the 
Ljosland intrusion contain thin ramifying veins of plagioclase-
r i c h pegmatite with a l i t t l e oirthoclase-perthite and ortho-
pyroxene. The more feldspathic rocks adjacent to the intrusion 
are f i n e l y grajnular but contain large b i o t i t e s with random 
orientation. Many of these rocks contain very l i t t l e a l k a l i feldspar 
and are impregnated with fine grain nickeliferous pyrrhotite. 
The b i o t i t e s of the Oddevassheii gneiss d i f f e r from those 
of the Knaben gneiss i n t h e i r pleochroic scheme which i s from 
pale orange to deep red i n the Oddevassheii gneiss. As i n Lervig 
gneiss pyribolites the hornblende has a deep brown ( z )-axial 
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colour. A l k a l i feldspar i s untwinned but contains broad 
lamellae of exsolved a l b i t e which are themselves a n t i p e r t h i t i c . 
The pyroxenes of the basic gneisses are fresh and rather 
graniilar ( Plate 10a), 
h) Gneisses to the east of the Ljosland intrusion. 
To the east of the Ljosland intrusion are a series of 
layered b i o t i t i c and feldspathic gneiss with a few more basic 
horizons alternating with granitic gneiss. Similar rocks extend 
several kilometres to the east of the present area. The g r a n i t i c 
gneiss i s either massive and phenoblastic or f a i n t l y layered 
into pale grey and pink components. The basic layers contain 
quartz, microcline, plagioclase, deep brown bi o t i t e , brown-
green hornblende, sphene and ore. The few massive amphibolites axe 
s i m i l a r to those of the Khaben gneiss with no quartz and l i t t l e 
b i o t i t e . The mineralogy of the gneisses changes as the contact 
of the Ljosland intrusion i s approached and hypersthene becomes 
abundant. A few garnet-bearing orthopyi?oxene gneisses have also 
been observed close to the igneous contact. 
These gneisses are tentatively correlated with the Khaben 
gneiss as they can be traced southwards into the nose of the 
complex synformal fold discovered by Ohta i^^66) at Kvinesheii, 
some 15 km. south of the present area. The layered gneiss on 
the western limb of t h i s fold can probably be traced northwards 
up the eastern side of the valley of the L i t t l e Kvina r i v e r to 
t i e up with the Khaben gneiss just south of Eiesland. There i s 
evidence that the gneisses to the south east of the Ljosland 
i n t r u s i o n are thicken^by i s o c l i n a l folding. 
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Plate 10. 
Plate 10a. 
Photomicrograph i n plane polairised l i g h t of a specimen of basic 
Oddevassheii gneiss from the contact aureole of the Ljosland quartz 
raonzonite intrusion. The section contains dark b i o t i t e showing s t r i k i n g 
p a r a l l e l orientation and two pyroxenes. I n the photograph the 
orthopyroxeneis i s darker, more cracked and l e s s regular i n shape than 
the clinopyroxene. Opaque phases are also frequently associated with 
the orthopyroxene. The colourless areas represent plagioclase grains. 
Magnification x 100. 
Plate 10b. 
Inclusion of basic gneiss within the Ljosland quartz monzonite from 
west-north-west of Rossevatn. The inclusion measures about 50 cm. 
across. 
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P l a t e 10. 
4. THE SYMTECTONIC GRAMTES. 
a) The porphyritic gneissic granites. 
The core of the Pjotland dome i s occupied by a coarse-
grained porphyritic adamellite with a pale grey matrix similar 
to the Holum granite described by Smithson and Earth ( 1967 )• 
The predominant rock of the Fjotland granite i s d i s t i n c t l y more 
basic than the Kvinesdal and other g r a n i t i c gneisses and i s 
si m i l a r to parts of the Feda augen gneiss. Foliation i s not 
as pronounced as i n the country gneisses but the contacts of 
the granite are extremely gradational, p a r t i c u l a r l y i n the north 
where the matrix becomes progressively more siliceous and passes 
insensibly into phenoblastic granite gneiss. Though most of 
the granite i s massive, there are horizons with faint compositional 
layering often with traces of minor folding and basic gneiss 
inclusions, similar i n mineralogy to the gneisses enveloping the 
intrusion. 
A t y p i c a l specimen of the Fjotland adamellite contains 
by volume 2-]'fo quartz, 40^ a l k a l i feldspar, 2Sfo plagioclase, 
45$ b i o t i t e , 5^ hornblende and a l i t t l e magnetite, sphene, 
apatite, zircon and a l l a n i t e . The a l k a l i feldspar megaciysts 
reach 3 cm. i n length and display prominent cross-hatch twinning 
and inclusions of drop, fil m and patch perthite. I n some sectors 
of these large c i y s t a l s the twinning i s coarser and more diffuse. 
Some megacrysts also contain isolated rounded inclusions of 
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e i t h e r quartz or o l i g i c l a s e rimmed with a l b i t e . The matrix 
grains of a l k a l i feldspar are much smaller and show sharp, fine 
twinning and a l i t t l e f i l m and drop perthite. The plagioclase, 
a c a l c i c oligoclase, i s mostly untwinned with antiperthite 
developed i n a few of the largest grains. The pleochroic 
scheme of the b i o t i t e i s from straw-yellow to dark olive brown 
and the ( z )-axial colour of the hornblende i s green or blue 
green. Sphene, both as separate grains and rimming magnetite, 
i s r e l a t i v e l y abundant. Apatite and a l l a n i t e are also conspicuous 
accesory minerals, 
A triangular outcrop of similar porphyritic adamellite 
i s centred on Haddeland, some 8 kilometres to the east of 
Fjotland. This body i s probably a small offshoot of a much 
la r g e r volume of the rock to the south of the area mapped. I t 
i s surrounded by phenoblastic granite gneiss into vdiich i t 
grades. A further body of similar rock outcrops to the east of 
Linland i n S i r d a l . I t occupies the core of an antiform and i s 
surrounded by layered basic and feldspathic gneisses with a 
narrow t r a n s i t i o n zone. The porphyritic granite of the upper 
Kvina v a l l e y (see page .29) i s similar i n texture to the Fjotland 
granite but i s more basic and heterogeneous and contains many 
more gneiss inclusions. 
b) The equigranular granite. 
This rock i s exposed i n a large elongate area to the 
west of the Ljosland intrusion. I t s western contact i s concordant 
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and r e l a t i v e l y sharp with a tr a n s i t i o n a l zone of a few metres 
into massi"ye phenoblastic Flof j e l l g r a n i t i c gneiss. On the 
eastern side there i s a wider contact zone with r a f t s of the 
Oddevassheii gneiss included i n the margins of the granite. 
,The granite i s homogeneous over large areas but b i o t i t e - r i c h 
streaks and faint layering can sometimes be observed. 
A t y p i c a l specimen of the granite contains abundant quartz, 
a l k a l i feldspar with undulatory extinction, oligoclase and 
myimekite, a l i t t l e greenish-brown b i o t i t e , magnetite and a 
few grains of tourmaline. Some of the marginal granite i s 
s l i g h t l y darker and more b i o t i t e - r i c h . 
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5. THE DISCOEDAUT QHAHPZ MOaZONITE IHTRJSIOMS. 
Three intrusions of t h i s type have been discovered within 
the area surveyed. The Ljosland i n t m s i o n extends over a vast 
uninhabited region i n the east and north-east sector. I t i s 
roughly oval i n shape with a long axis over 27 km long trending 
just east of north and a short axis of 12 km. I t therefore 
covers rather more area than that occupied by the Parsundite, 
a star-shaped intrusion along the south coast between Hekkef jord 
and Lindesnes which i t resembles closely. I n some of the most 
inaccessible areas the contact of the intrusion has had to be 
inferred from a e r i a l photographs. Just east of the Ljosland 
i n t r u s i o n i s a much smaller avoid igneous body centred on 
Xseral. A very small area of similar rock has also been found 
i n the extreme south of the area surveyed, to the west of 
Haddeland i n the L i t t l e Evina valley. 
The predominant rock of the Ljosland intrusion i s a pale 
grey coarse-grained equigranular granoblastic quartz monzonite. 
I t exhibits a very weak f o l i a t i o n p a r t i c u l a r l y at i t s margins. 
A t y p i c a l specimen of t h i s rock contains by voliune ^9fo quartz, 
35^ microcline perthite, 35?^  pla^ioclase, Af" b i o t i t e , ^fo 
hornblende and a l i t t l e magnetite, ilmenite, sphene and apatite. 
Though the predominant a l k a l i feldspar i s microcline, i t often 
coexists with a few grains of more disordered potassium feldspar 
with undulatoiy extinction. The plagioclase i s unzoned but 
v a r i e s s l i g h t l y about An30 fo i n composition. The bio t i t e i s 
pleochroic from a pale yellow orange to a dark orange brown 
40. 
and the hornblende usually has a blue-green ( z )-axial colour. 
The mafic s i l i c a t e s tend to occur i n clumps together with oxide 
grains surrounded by sphene and large apatite c r y s t a l s . 
Fresh exposures i n the Ljosland intrusion reveal that there 
are zones where the rock i s much l e s s uniform and contains 
lenses of more basic and feldspathic rocks. The leucocratic 
lenses appiroach a l k a l i granite i n composition and are without 
hornblende and poirphyritic i n texture. The melanocratic lenses 
are s i m i l a r both i n mineralogy and texture to the normal 
quartz monzonite but are much r i c h e r i n the mafic s i l i c a t e s . 
Much of the north-eastern part of the intrusion i s composed 
of a porphyritic v a r i e t y of quartz monzonite with large pink 
microcline c r y s t a l s and a few tourmaline grains but i n other 
respects similar to the equigranular f a c i e s . 
The I s e r a l intrusion d i f f e r s from the Ljosland intrusion 
i s being rather more basic and variable i n composition and 
r i c h e r i n gneiss inclusions. The a l k a l i feldspar i s usually 
of intermediate t r i c l i n i c i t y with undulatoiy extinction. I n other 
mineralogical respects, except for the presence of a l l a n i t e as 
a widespread accessory mineral, the I s e r a l rocks are very 
s i m i l a r to those of the Ljosland intrusion. Diorite i n the foim 
of scattered lenses represents the most basic component of 
t h i s igneous complex. These d i o r i t e s have l i t t l e potassium 
feldspar but contain clinopyroxene i n addition to hornblende 
and b i o t i t e . 
The rocks of the Haddeland intrusion are s l i g h t l y more 
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basic than those of the Ljosland igneous complex and are also 
s l i g h t l y porphyritic. The a l k a l i feldspar has rather diffuse 
cross-hatch twinning but i n other inspects the rocks are 
s i m i l a r mineralogically to the ty p i c a l Ljosland quartz monzonite. 
As i n the I s e r a l intrusion, a l l a n i t e i s a conspicuous accesoi^ 
mineral. The chemical compositions of the coexisting minerals 
of one specimen from the Haddeland intrusion have been detennined 
using the electron microprobe ( see appendix ) . Both b i o t i t e and 
hornblende are s i g n i f i c a n t l y more iron-rich than any of the 
minerals from the gneissic rocks of the area. The sphene i s 
also >significantly r i c h e r i n aluminium than any mineral from 
the regional gneisses. The magnetite of the intrusive rock i s 
both more titanium-rich and contains more exsolved ilmenite than 
i s encounted i n any of the regionally metamoirphosed gneisses. Both 
magnetite and ilmenite, which i s usually without v i s i b l e exsolved 
hematite, are rimmed with a thick but irregular layer of 
sphene, separate grains of which also occur. 
Both pegmatite and quartz veins have been obseived within 
the Ljosland and Xseral intmsions but they are never abimdant. 
No complex or rare-element minerals have been discovered i n any 
of the veins, though they are known i n the Parsundite intrusion. 
Thin a p l i t e layers are also found i n parts of both intrusions. 
The nature of the country rocks influences the external 
contacts of the intrusions. VJhere the Ljosland intrusion i s i n 
contact with the basic Oddevassheii layered gneiss the boundary 
i s r e l a t i v e l y shaxp with a narrow zone i n which tongues of 
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i n t r u s i v e rock separate lenses of basic gneiss. Inclusions of 
these gneisses p e r s i s t further into the intrusion and are 
sharply bounded ( Plate lOb ) , Examination of several of these 
r a f t s reveals that they are randomly orientated. The mineralogy 
of these inclusions i s s i m i l a r to that of the basic gneisses i n 
the contact aureole ( see page 3 5 ) . Earth ( 1960 ) mentions 
that amphibolite inclusions, often with a reaction rim of 
,diopsidic augite are common within the margins of the Farsundite. 
These inclusions are d i s t i n c t from coarse-grained basic 
seg3?egations with a s i m i l a r mineralogy to the intrusive rocks 
which are frequent i n other parts of the intrusion. These 
probably represent basic gneiss inclusions that have been 
p a r t i a l l y assimilated and have r e c r y s t a l l i s e d after permeation 
by magmatic f l u i d . Along the southern contact of the Ljosland 
i n t r u s i o n the country rocks are phenoblastic granitic gneisses. 
These have been assimilated into the margins of the intrusion 
to produce a more feldspathic rock with pink a l k a l i feldspar 
c r y s t a l s s imilar i n appearance to the megacrysts of the 
gneisses. Fuirthermore the g r a n i t i c rocks adjacent to the intrusion 
have been remelted i n places to a rock similar i n texture to the 
margins of the intrusion. I n these areas the contact becomes 
d i f f i c u l t to define p r e c i s e l y . 
Rafts of both basic gneiss and'finely layered b i o t i t i c 
and feldspathic gneisses up to 20 metres wide occur at the 
margins of the Aseral intrusion. Inclusions i n various stages 
of assimilation of both basic and feldspathic gneisses are 
abvuadant throughout the main body of the complex, p a r t i c u l a r l y 
i n the west and north sectors. The surface exposed at present 
may therefore be close to the roof of the intrusion. 
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The farsundite has been described by Barth ( 1960 ) as 
varying chemically from a monzonite to a quartz monzonite 
to an a l k a l i granite. I n the north-western part of the mass 
the rock becomes schistose and orthopyroxene and clinopyroxene 
take the place of hornblende. Iilliddlemost ( 1968 ) i n a 
reappraisal of the intirusion, recognises a dark, chamockitic 
or M-type farsundite and a li g h t or L-type farsundite on the 
basis of feldspar colour. He also recognises a mixed border 
f a c i e s of farsundite and microgranite. None of the M-type rocks, 
s i m i l a r to the acid rocks of the chamockite series of Madras, 
have been discovered i n the three intrusions surveyed by the 
present author. 
Chemical analyses of the intrusive rocks are given i n 
table 1. A plot of noimative quartz, orthoclase and albit e 
for these rocks, calculated by the method of Barth ( 1959 )> 
i s shown i n figure 1 with ten farsvmdite analyses i n Barth 
( 1960 ) . These normative compositions plot on the triangular 
diagram i n a similar f i e l d to other g r a n i t i c rocks of magmatic 
or i g i n . The rocks of the Ljosland intrusion are noticeably 
r i c h e r i n calcium and aluminium and poorer i n iron and titanium 
o 
than the L-type f a r s u M i t e . The predominant rock of the Aseral 
i n t r u s i o n i s similar i n composition to Ljosland intrusion 
rocks but the d i o r i t i c f a c i e s i s much more basic. The rocks 
of the Haddeland intrusion are much closer i n composition to 
the L-type farsundite, a fact i l l u s t r a t e d i n figure 2, a 
tria n g u l a r plot of t o t a l iron, a l k a l i e s and magnesium. 
The genesis of the farsundite i s considered by 
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Middlemost ( 1^ 68 ) to be linked with the other rocks of the 
anorthosite kindred i n south-west Norway. He postulates that 
the whole complex originated from a gabbroic-dioritic magma by 
a process of seismically assisted 'magma-mush-sieving' below a 
r e l a t i v e l y r i g i d upper crustal layer. He envisages that t h i s 
process would result i n the downward migration of mafic phases 
and the upward movement of the more v o l a t i l e elements leaving 
a residuum of essentially interlockirg^eldspar crystals. The 
g r a n i t i c d i f f e r e n t i a t e at the top of the magma chamber then 
migrated along planes of weakness with significant l a t e r a l as 
well as upward movement, assimilating some of the predominantly 
g r a n i t i c country rocks. The south-eastern paxt of the intrusion, 
the most mafic i n composition i s considered by the above author 
to have been emplaced f i r s t with subsequent fractions being 
progressively enriched i n s i l i c o n and potassium towards the 
north. 
The resemblance between the Ljosland, Xseral and Haddeland 
intrusions and the farsundite i s so marked that a common o r i g i n 
must be considered. This implies on the above petrogenetic model 
the existence of rocks of the anorthosite kindred beneath the 
gneisses of the area surveyed by the present author. 
Abxindant mafic gneiss xenoliths are found both i n the 
Ljoland and Is e r a l intrusions and farsundite, the majority with 
sharp contacts as i n plate 10b, but some i n more advanced stages 
of assimilation. Granitic gneiss inclusions are much less common 
than the basic rocks even though the amount of g r a n i t i c gneiss i n 
the country rock f a r outweighs the amount of amphibolite. A few 
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exposures of the Ljosland i n t i u s i o n exhibit considerable hetero-
geneity, though clear l y reco^iiseable p a r t i a l l y assimilated 
g r a n i t i c gneiss has not been observed. A quantitative estimate of 
the amount of country rock assimilated by the intrusions i s thus 
not feasible. 
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6. THE BASIC DYKES. 
Basic dykes of the area are divided into four groups 
on the basis of t h e i r texture and mineralogy. These are 
a) t h i n discordant bodies of amphibolite with mineral 
o r i e n t a t i o n p a r a l l e l to the regional structure ; b) impersist-
ent dykes of ir r e g u l a r shape with a metamorphic mineral assemblage 
but without well developed mineral orientation ; c) thicker 
l i n e a r persistent dykes with a metamorphic mineral assemblage and 
a f i n e - g r a i n granular texture with a few lath-shaped plagioclase 
megacrysts and d) persistent linear dykes with igneous mineral 
assemblages and textures upon which i s superimposed a l a t e r 
phase of mineral growth. 
a) Amphibolite dykes exhibiting regional mineral orientation. 
A few t h i n discordant amphibolite dykes have been observed 
w i t h i n the massive phenoblastic g r a n i t i c gneisses, p a r t i c u l a r l y 
at the head of Litladalen, to the south of Knaben. These dykes 
are i r r e g u l a r i n shape and thickness with bulges that f i s h - t a i l 
along f o l i a t i o n planes in t o the surrounding granitic gneisses. 
They are also penetrated by feldspathic veins of various grain-sizes. 
B i o t i t e i n the dykes i s orientated p a r a l l e l to the regional 
f o l i a t i o n of the country gneisses. Mineralogically the rocks 
resemble amphibolite horizons with i n the Knaben gneiss. 
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b) Impersistent and lensoid metamoirphic dykes. 
The majority of these dykes are less than two metres 
wide but a few thicker bodies have also been found. A r e l a t i v e l y 
t h i c k dyke of t h i s type i s exposed i n the road cut just south of 
Tonstad. I t i s without much internal mineral orientation except 
f o r a few shear planes and i s sharply discordant to the layered 
g r a n i t i c gneisses i n t o which i t was emplaced. The dyke has also 
been invaded by t h i n feldspathic veins from the surrounding 
g r a n i t i c gneiss so that both rocks intrude each other. The dyke 
rock contains a l i t t l e quartz, andesine, reddish b i o t i t e , clino-
pyroxene and orthopyroxene and bears strong resemblance to 
p y r i b o l i t e horizons i n the Lervig gneiss. This dyke must therefore 
have been emplaced before the end of the metamorphic episode 
that produced the regional gneisses, the waning stages of which 
saw the production of pegmatitic fractions i n the g r a n i t i c 
gneisses. Several thinner dykes wi t h i n the Lervig gneiss show a 
very strong mineralogical resemblance to the pyribolites of that 
u n i t w i t h the presence of hornblende with a brown ( z )-axial 
colour i n addition to b i o t i t e and the two pyroxenes. Other dykes 
simi l a r i n foim have retrograde mineral assemblages with altered 
plagioclase, c h l o r i t e , epidote and i r o n oxide. A l l of these 
dykes can only be traced f o r a few metres along the s t r i k e . 
A few examples of b i o t i t e - r i c h dyke rock also occur. 
Within the migmatitic gneiss at Sandvatn i s an irregular lensoid 
body of a dark b i o t i t e - r i c h rock with subordinate quartz, 
andesine, hornblende and orthopyroxene. The b i o t i t e tends to show 
some orientation p a r a l l e l to the boundary of the dyke. Bugge 
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( 1963 ) mentions a similar b i o t i t e - r i c h dyke some ten metres 
wide w i t h i n the Knaben mine workings. This rock i s not exposed 
at the surface and consists of b i o t i t e and plagioclase with a 
l i t t l e clinopyroxene, sphene, apatite and ore with accessoiy 
hornblende and quartz. 
c) Persistent dykes with metamoirphic mineral assemblages. 
Two examples of these l i n e a r dykes have been discovered. 
One can be traced f o r some four kilometres to the west of 
Stakkeland. This dyke contains abundant lath-shaped strained 
but unzoned plagioclase together with granular hornblende, 
clinopyroxene and orthopyroxene. A similar dyke can be traced 
f o r some e i ^ t kilometres to the east-north-east from a point 
about three kilometres to the north of Knaben. This dyke has 
a f i n e grain margin consisting of a granular aggregate of plagioclase 
and hornblende and a coarser-grain central rock containing 
b i o t i t e , opaque minerals and orthopyroxene i n addition. A few 
large euhedral plagioclase crystals are scattered throioghout the 
dyke. Feldspathic veins from the surrounding g r a n i t i c gneiss also 
penetrate the margins of t h i s dyke. Tliese rocks must have been 
emplaced at approximately the same time as the less persistent 
dykes of the previous group. 
Antun ( 1962 ) describes two subvertical east-west dykes 
f3?om the SJrsdalen area very similar i n appearance to the above 
in t r u s i o n . They also carry a few large plagioclase phenocrysts 
and a f i n e granular margin with plagioclase, orthopyroxene and 
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ore. The central part of the dyke contains b i o t i t e , hornblende 
and clinopyroxene i n addition. 
d) Persistent dykes with igneous texture and mineralogy. 
Three examples of these dykes have been discovered i n the 
present area. The longest can be traced from south of Tonstad a 
distance of 27 kilometres to the east-north-east, A t y p i c a l 
specimen of t h i s i n t r u s i o n consists of an aggregate of zoned l a t h -
shaped plagioclase crystals with moderately fresh highly-pleochroic 
orthopyroxene. Some of these grains are mantled with rather 
altered clinopyroxene. Between the feldspar laths are also a few 
small granular grains of fresh clinopyroxene. Scattered tabular 
crystals of ilmenite.often surro\inded by clusters of rather dusty 
brown b i o t i t e and a l i t t l e c h l o r i t e , also occur. Parts of the dyke 
are more altered, .particularly i n the eastern part of i t s outcrop. 
A specimen from Khabedalen ( Plate 11a ) i l l u s t r a t e s t h i s rock 
type with more altered pyroxenes, p a r t i c u l a r l y the orthopyroxene 
cores which are shot through with i r o n oxide grains. I n t h i s 
specimen the small granular pyroxenes are also rather more abundant 
as are the sheaves of b i o t i t e roxmd the ilmenite and larger pyroxene 
grains. 
The contacts of the dyke are well exposed i n Knabedalen. 
The margin of the dyke i s much f i n e r i n grain than the central 
portion and contains a few plagioclase phenocrysts set i n a fine 
granular matrix of plagioclase, epidote and c h l o r i t e . The dyke i s 
i n contact with massive phenoblastic g r a n i t i c gneiss ( Plate 11b ) 
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Plate 11. 
Plate 11a. 
Photomicrograph i n plane polarised l i g h t of Knaben dyke from lower part 
of Knabedalen. The section contains zoned lath-shaped plagioclase 
grains, dark cloudy aggregates of orthopyroxene and a few clearer 
granules of clinopyroxene, t h i n plates of ilmenite and small dark 
b i o t i t e grains which on the photograph are almost black. A clump 
of b i o t i t e surrounds the large ilmenite grain i n the upper l e f t corner 
of the section. Magnification x 8. 
Plate 11b. 
Polished slab measuring 6cm. by 8cm. of the contact of the Knaben dyke 
with g r a n i t i c gneiss from the lower part of Knabedalen. The central 
layer of the specimen consists of lensoid fragments of the coarse-grain 
feldspathic gneiss set i n a matrix of altered dyke rock consisting mostly 
of epidote with a l i t t l e c h l o r i t e . The boundary of the epidotisation 
can be discerned i n the fine-grain c h i l l e d marginal dyke-rock. 
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with a t h i n zone of mixed rock between. The mixed rock consists of 
rounded aggregates of quartz and feldspar i n a matrix of epidote 
and a l i t t l e c h l o r i t e . Some of these quartzofeldspathic inclusions 
have recrystallised i n t o f i n e granular crystals. The margin of 
the g r a n i t i c gneiss i s rather altered with a few patches of 
epidote and ch l o r i t e and a few veinlets of fine granular felds-
pathic rock. 
The chemical composition of the coexisting minerals i n a 
similar specimen of dyke rock from just north of Knaben have been 
analysed with the electron fflic2?oprobe. The plagioclase i s zoned 
f2X)m rim to core from An 30 to An 42 fo. The fresher parts of the 
orthopyroxene cores of the larger grains are ferrohypersthene with 
a composition of ( I^Jg^j 42 ^^ 3 ^ '''^ o^ S'^  "this does not represent the 
primary composition because of the widespread unmixing of iicon 
oxide during the second phase of mineral growth. The fresher 
clinopyroxene rims are augite with an atomic composition of 
( ^624 Mg^^ Ca^ ^ ). The small granular pyraxene grains are similar 
i n composition except that the orthopyroxene i s less calcic. 
The b i o t i t e of t h i s dyke rock i s about 2!fo richer i n aluminium 
and correspondingly poorer i n s i l i c o n than most of the b i o t i t e s 
from the regional metamorphic rocks. 
The northernmost dyke i s very similar mineralogically 
to the southernmost dyke described above. The central dyke 
d i f f e r s from the other two i n the presence of o l i v i n e , fresh 
except f o r iron o x i d e - f i l l e d cracks. The plagioclase shows 
well-developed compositional zoning of the same order as the 
southern dyke. Both clinopyroxene and orthopyroxene are also 
present and similar i n appearance to the Knaben dyke minerals. 
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Clusters of fresh red-brown b i o t i t e are also present. A specimen 
of intermediate gneiss i n contact v/ith t h i s dyke contains a 
micrographic intergrowth of quartz and orthoclase foimed probably af t e r 
p a r t i a l remelting of the rock. 
Barth ( 196O ) , quoting from Antun ( 195^ ), states that there 
are several dolerite dykes with c h i l l e d margins i n the Rogaland 
anorthosite province. The dykes are often multiple and vary i n 
composition from o l i v i n e d o l e r i t e to trachydolerite. On the s i l i c a -
t o t a l alkalies diagram,in figure 3,two groups can be distinguished on 
a l k a l i content. Carstens ( 1959 ) describes lamprophyres i n close 
association with diabases along the coast to the west of 
Kristiansand and near Arendal. The lamprophyres contain anorthoclase, 
hornblende, clinopyroxene and chlo r i t e as dominant s i l i c a t e phases. 
Associated with these rocks are diabases of two types, one with 
labradorite, clinopyroxene and c h l o r i t e , the other with quartz, 
oligoclase and p e r t h i t i c orthoclase with trachytic texture and 
rather altered clinopyroxene. There are chemical s i m i l a r i t i e s 
between the igneous dyke analyses i n table 2 and the lamprophyre 
analyses quoted by Carstens (op. c i t . ) v i z . high titanium, sodium 
and potassium contents. The s i m i l a r i t y i n a l k a l i contents i s 
i l l u s t r a t e d i n figure 3» 
Carstens ( 1959 ) postulates that the lamprophyres originated 
as v o l a t i l e - r i c h d i f f e r e n t i a t e s of a basic magma which accumulated 
at the top of the magma chamber. I n addition to being a l k a l i - r i c h 
the d i f f e r e n t i a t e has a high content of carbon dioxide, Oftedahl 
( 1957 ) on the other hand proposes that lamprophyres are formed 
a f t e r assimilative reactions between normal basic magma and 
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y/t,, SiOg 
V a r i a t i o n i n s i l i c a and t o t a l a l k a l i . c o n t e n t s of 
Dasic dykes i n the PreCainbrian of S.Norv/ciy. Shade( 
areas represent two conjugate groups of o l i v i n e 
d o l e r i t e from Rogaland, A = l a b r a d o r i t e dia.bases. 
.^O = lamprophyres and T = a i i t h o r ' s dykes. 
( M o d i f i e d a f t e r B a r t h 1960-). 
I?igu.re 3. 
g r a n i t i c and p e l i t i c wall rocks. 
Thou^ the texture of the three dykes encounted by the 
present author i s predominajatly d o l e r i t i c , the chemistiy, the 
presence of two generations of pyroxene and the r e l a t i v e l y high 
b i o t i t e content, p a r t i c u l a r l y of the easternmost specimen of the 
Khaben dyke, indicate some s i m i l a r i t y with lamprophyres. 
The graphic quartz-feldspar intergrowth observed at l o c a l i t i e s 
along the contact of the dyke with g r a n i t i c gneiss suggest that some 
alka l i e s may have been assimilated in t o the dyke from the country 
rock though the magnitude of the process would appear small i n the 
observed environment of hi^-grade gneisses. 
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7. THE STRUCTURE. 
Prior to t h i s work, the area between Sirdal and ^ e r a l had been 
cu r s o r i l y examined by Barth (19^5) as part of a general survey of 
the PreCambrian of southern Norway. This sector was considered by 
him to consist predominantly of north-south-striking gneisses 
dipping monotonously to the east. The present author's research 
has revealed that t h i s apparent uniformity conceals great structural 
complexities which can only be unravelled by detailed mapping, 
especially by following marker horizons along t h e i r s t r i k e . Basic 
gneiss horizons form convenient markers as do the thinner granitic 
gneisses i n a predominantly laiyered gneiss sequence. On a meso-
scopic scale i t has proved impossible to follow individual gneiss 
layers i n a heterogeneous sequence for more than a few metres. 
The planar elements of the fabric of the gneisses are l i t h o l o g -
i c a l layering and a f o l i a t i o n produced by pa r a l l e l orientation of 
b i o t i t e flakes and sometimes flattened feldspar and qusirtz grains. 
These two features are always p a r a l l e l except for the early 
'arrowhead folds' (Plate 12). These structures have sheared limbs 
and an a x i a l plane f o l i a t i o n . The gneissic layering and f o l i a t i o n 
can be traced round the noses of s i l l other folds and secondsiry 
planar structures have not developed. I t cannot be assumed that 
the l i t h o l o g i c a l layering necessarily represents o r i g i n a l sedimentaury 
s t r a t i f i c a t i o n , particuleirly as no def i n i t e primary structures have 
been recognised. Falkum (196?), on the other hand, has found a 
gneiss horizon at several places i n the Flekkefjord airea with a 
structure that he interprets as o r i g i n a l graded bedding. 
5^. 
Plate 12. 
Plate 12a & b. 
Arrowhead f o l d r e l i c s of mafic gneiss i n leucocratic Feda augen gneiss 
from road sections to north of Haughom. 
Plate 12c. 
Arrowhead r e l i c of feldspathic rock i n basic gneiss layer w i t h i n Feda 
augen gneiss from west of Tonstad. 
Plate 12d. 
Granitic gneiss with t h i n spindles of basic rock showing p a r a l l e l 
orientation from w i t h i n Feda augen gneiss i n road section north of 
Haughom. 
Plate 12e. 
Relic minor folds i n layered b i o t i t i c sind feldspathic gneiss horizon 
wi t h i n Feda augen gneiss near Sporkland. 
Plate 1 2 f . 
Crenulated minor f o l d i n g shown by t h i n feldspathic gneiss layer w i t h i n 
Feda augen gneiss near Haughom. The type of f o l d i s similar to 
structures of F 2 age i n the Flekkefjord Series ( see plate 1^ ) . 
Plate 12g. 
I n t r a f o l i a l f o l d w i t h i n the Tonstad gneiss to the south of Tonstad with 
axis oblique to the regional f o l i a t i o n . 
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Minor structures i n Sirdalsvatn Series 
Plate 12, 
The linear elements of the gneiss fabrics aire minor f o l d axes 
and p a r a l l e l orientation of prismatic minereils l i k e hornblende. 
Measurement of these lineations i s often d i f f i c u l t on the f l a t and 
rounded weathered outcrops of the upland regions. S t a t i s t i c a l 
plots of linear structures are generally more random than for the 
planar structures but maxima and p a r t i a l girdles have been recognised. 
Minor folds are rare i n many of the more siliceous gneisses but 
are usually frequent i n the more basic layered gneisses. The great 
complexity of t h i s folding i s often only appau?ent i n the larger 
fresh roadside exposures. 
The PreCambrian gneiss complex between Sirdal and Xseral has 
been divided into 6 tectonic units and 15 subunits on the basis of 
major structures. The boundaries of these subunits are shown on the 
accompanying struct u r a l map. The major structures of each subunit 
together with any noteable minor structures are described i n sequence 
below, 
a) Unit l a . 
This unit comprises the extreme south-west of the area, adjacent 
to Sirdalsvatn.. A synform, the core of which i s occupied by the 
small feldspar facies of the Feda augen gneiss,and an antiformal nose 
i n the surrounding layered basic and feldspathic gneisses are the 
major structures. These layered gneisses on the western side of the 
main outcrop of the Feda augen gneiss can be correlated with the 
Lervig layered gneiss on the evidence of Falkum (1967) i n the 
Flekkefjord area. They have been traced round the antiformal closure 
of the augen gneiss on the south coast near Feda. Only part of the 
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antiformal closure of the Lervig layered gneiss i s exposed on the 
eastern side of Sirdalsvatn. Information supplied by the Telemark 
Project geologists Dahlberg and Hermans (personeil communication) 
indicates that a t h i n outcrop of basic layered gneiss outcrops on 
the western shore of the lake and closes towards the east. Further-
more the outcrop of augen gneiss i n the synformal core widens on the 
western side of Sirdalsvatn and then sv/ings round the antiformal nose 
to j o i n with the main outcrop of the Feda augen gneiss on the eastern 
side of the lake. 
The axis of the aiitiforra trends roughly north-north-west and 
plunges gently ( 5 - 1 0 ° ) i n the same direction. The axieil plane of the 
f o l d dips about 35° to the east. The axis of the augen gneiss 
synform trends roughly p a r a l l e l to the antiform at the closure but 
further north i t swings round to the east, round the antiformal 
closure i n t o the main outcrop of the Feda augen gneiss. The syn-
formal axis plunges at a s l i g h t l y steeper angle ( 1 5 - 2 0 ° ) than the 
antiformal axis. 
I t i s concluded that the augen gneiss synform represents an 
o r i g i n a l i s o c l i n a l f o l d refolded around the antiforraal axis i n the 
Lervig gneiss. I t i s apparent from the work of other Telemark 
Project geologists, i n pa r t i c u l a r Dahlberg (personal communication), 
that the Feda augen gneiss i s refolded around other folds i n the 
surrounding gneisses to the west of i t s main outcrop. The refolded 
augen gneiss on the north-western side of Sirdalsvatn, mapped by 
Daihlberg appears to be a tongue rather thsin an isoclinail f o l d 
however. 
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There i s l i t t l e sign of minor folding within the Feda augen 
gneiss w i t h i n t h i s u n i t , though some broader fluctuations i n 
s t r i k e direction are apparent. The potassium feldspar crystals are 
randomly orientated as are other prismatic minerals. There i s 
abundaint minor folding i n the surrounding Lervig layered gneiss 
however, generally with rather open U-shaped noses. These folds 
mostly trend p a r a l l e l to the major antiform and plunge gently either 
north or south. The plot of f o l i a t i o n poles from the unit shows a 
maximum with a suggestion of two p a r t i a l girdles. 
b) Unit l b . 
This u n i t comprises the main outcrop of the Feda augen gneiss 
and Tonstad gneiss to the south of Haughom. The main structure 
i n the u n i t i s a t i g h t , i s o c l i n a l , f l a t - l y i n g antiform, the core of 
which i s occupied by g r a n i t i c Tonstad gneiss. The axis of the f o l d 
trends roughly to the north-north-west jus t north of the closure but 
jus t west of Sandvatn i t swings round to a more northerly direction. 
The cixial plane of the f o l d i s roughly p a r a l l e l to the regioncil 
f o l i a t i o n i n the unit and dips to the east at about ^+0°. Figure k 
shows the plot of f o l i a t i o n poles i n th i s tectonic subunit which are 
concentrated i n a maximum but also extend into a girdle with a very 
f l a t B-axis trending north.at a very low angle. The stereogram also 
shows the elongation of the maximiun into a p a r t i a l girdle trending 
o o about N 50 E and plunging at about 35 . 
Minor-scale folding i n the Sirdalsvatn Series i n t h i s unit i s 
r e l a t i v e l y rare though the s t r i k e of the f o l i a t i o n fluctuates 
considerably. A few folds with open U-shaped closures and f l a t axes 
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trending roughly p a r a l l e l to the regional f o l i a t i o n have been 
observed but more obvious are a series of folds and S-shaped flexures with 
axes trending to the north-east. The sixes of these folds plunge at 
about 3 0 ° to the north-east and they can be correlated with the 
major S-fold i n unit 2a. 
At fresh exposures of heterogeneous and layered Feda augen 
gneiss remnant arrowhead folds can often be observed. Plate 12 
i l l u s t r a t e s these structures i n the Feda augen gneiss to the east 
of Sporkland. A t h i n leiyer of f i n e l y banded b i o t i t e - r i c h gneiss 
contains a t h i n arrowhead nose of more feldspathic rock. An 
adjacent more feldspathic gneiss layer contains a similar nose 
outlined by a th i n b i o t i t i c horizon. An incipient a x i a l plane 
f o l i a t i o n i s developed through the more mafic parts of these noses. 
These structures represent remnants of the e a r l i e s t recognisable 
i s o c l i n a l folding on a minor scale within the Sirdalsvatn Series and 
have been designated F 0 minor folds. 
c) Unit 1c. 
This unit comprises the main outcrop of the Sirdalsvatn Series 
to the north of Haughom. There aire no major f o l d noses exposed 
though the outcrop of the Sirdalsvatn Series may represent the western 
limb of the continuation of the antiform i n tectonic subunit l b . The 
plo t of f o l i a t i o n poles i n t h i s u n i t i n figure 5 shows a clear maximum 
but also the trace of a great c i r c l e g i rdle with a B-axis trending 
about south 15° east with a very gentle dip to the south. 
The Sirdalsvatn Series i s well exposed i n fresh road cuts both 
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between Haughom and Tonstad and west of Tonstad, Relic aorowhead 
f o l d noses with sheared limbs are widespread but never abundant and 
frequently take the form of an inclusion of mafic gneiss surrounded 
by more feldspathic rock. Very rarely a more extensive f o l d r e l i c 
can be observed within the more heterogeneous parts of the Feda 
augen gneiss. At Haughom a series of V-shaped folds with many 
smaller scale corrugations along the hinges occurs i n a body of augen 
gneiss surrounded by more mafic gneiss (see plate 1 2 ) . These folds 
have almost horizontal axes and v e r t i c a l axial planes s t r i k i n g 
p a r a l l e l to the regional f o l i a t i o n of the gneiss. I s o c l i n a l U-
shaped minor folds occur i n t h i n feldspathic layers within some of 
the more basic horizons of the Sirdalsvatn Series. They have f l a t -
l y i n g axes and steeply east-dipping a x i a l planes s t r i k i n g p a r a l l e l 
to the regional f o l i a t i o n and are probably of l a t e r age than the 
V-shaped folds. An isolated example of a further type of minor 
f o l d occurs i n the Tonstad gneisses just south of Tonstad and i s 
i l l u s t r a t e d i n plate 12. The f o l d i s an S-shaped flexure with an 
axis oblique to regional f o l i a t i o n , plunging gently to the south-east. 
This i s of l a t e r o r i g i n s t i l l and may be related to the movement prod-
ucing the Sandvatn S-fold. Broad east-west-trending flexures with 
an easterly plunge are widespread on both the minor and mesoscopic 
scales. 
Hornblende shows almost horizontal linear orientation i n some 
of the basic gneisses of the Sirdalsvatn Series i n t h i s unit and 
trends roughly north-south. Within some of these basic gneisses 
there are also spindles of feldspathic rock,also with roughly horiz-
onted l i n e a r orientation. I n addition to arrowhead f o l d r e l i c s some 
of the more layered parts of the Feda augen gneiss contain t h i n 
spindles of mafic gneiss orientated p a r a l l e l to the f o l i a t i o n of the 
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rock and close to horizontal. The measured lineations from a l l 
three subunits of the tectonic unit 1 are grouped together i n 
stereographic projection i n figure 6 because of the paucity of data 
for each subunit. The pl o t shows concentrations trending j u s t west 
of north and plunging either gently to the north or south and roughly 
p a r a l l e l to the B axis of the Sandvatn S-fold at N 30 E and a plunge of 
about 3 0 - 2 0 ° to the north-east. Other lineations are scattered over 
the•stereogram. 
d) Unit 2a. 
This u n i t comprises the complementary antiform and synform which 
form the Sandvatn S-fold. The synform i s the most obvious major, 
structure i n the whole area and i s clearly v i s i b l e on ae r i a l photo-
graphs. The reclined nature of the two folds i n t h i s tectonic sub-
unit distinguishes them from a l l other major structures i n the eirea. 
Associated with t h i s structure are well developed mineral orientation, 
c r i n k l e and minor fold-axis lineations.particularly i n the Lervig 
gneiss. The plot of poles to f o l i a t i o n i n the subunit, shown i n 
figure 5» shows a well developed great c i r c l e g i r d l e . The plot of 
the lineations i n the subunit i s shown i n figure 6 and shows a strong 
maximum coinciding v;ith the B-axis derived from the great c i r c l e 
g i r d l e of f o l i a t i o n poles. 
The Lervig gneiss i n the nose of the antiform i s well exposed i n 
the Sandvatn area. Minor folding i s both abundant and complex and 
three major varieties have been recognised. A few t i g h t i s o c l i n a l 
folds with a x i a l planes p a r a l l e l to the regional f o l i a t i o n occur but 
these have often been refolded i n the same way as the gneissic 
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layering. Closely spaced i s o c l i n a l v-shaped folds, showing consid-
erable variations i n a x i a l plsme orientation from exposure to 
exposure, are numerous and sometimes re f o l d the t i g h t e r isoclines 
though there i s l i t t l e divergence i n f o l d axes between the two. Of 
cl e a r l y d i f f e r e n t o r i g i n and age are a series of small scale flexures, 
often isolated, with roughly constant f o l d axes p a r a l l e l to that 
of the major folding. The interference of these folds with the 
other v a r i e t i e s produces complex geometrical patterns some of which, 
together with the normal f o l d styles, are i l l u s t r a t e d i n plate 13. 
More irr e g u l a r styles of folding silso occur p a r t i c u l a r l y i n the 
cosirser grain neosomal layers which are abundant i n the antiformal 
core. 
Much of the nose of the synform i n t h i s subunit i s obscured by 
the end moraine (plate 3) so that few minor structures have been 
observed, though north-east plunging flexures are widespread. 
e) Unit 2b . 
This u n i t comprises the main complex of the Lervig gneiss, 
stretching from north of the S-fold i n unit 2a to the Ratagangen 
crush zone, west of Tonstad. Granitic gneiss horizons i n the pre-
dominantly basic layered Lervig gneiss have been used as mairker 
horizons i n the elucidation of the structure of t h i s tectonic un i t . 
A major antiform occurs on the eastern side of the unit with an axis 
trending j u s t west of north and plunging gently to the north. The 
a x i a l plane of t h i s f o l d strikes p a r a l l e l to the regional f o l i a t i o n 
i n the area and dips to the east at ^ ° , West of t h i s f o l d there 
are several other p a r a l l e l folds of smaller amplitude within the 
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Plate 13. 
Plate 13a. 
Refolded isocline i n layered garnetiferous, b i o t i t i c and feldspathic 
gneisses from the Lervig gneiss near Sandvatn, The garnetiferous gneiss 
occupies the core of a presumed F1 i s o c l i n a l f o l d and i s surrounded by 
layered b i o t i t i c gneiss. Superimposed on t h i s f o l d are a series of 
V-shaped isoclines with steep dipping a x i a l planes of F 2 age. The axes 
of the two f o l d types appear very similar. 
Plate 13b. 
Neair v e r t i c a l section of two feldspathic horizons i n finely-layered b i o t i t i c 
Lervig gneiss near Sandvatn showing F 2 f o l d i n g . The a x i a l surfaces are 
near horizontal. 
Plate 13c. 
Outcrop pattern of south-plunging, mesoscopic F 2 folds i n Lervig grass 
north-east of Espetveit. 
Plate 13d. 
Outline of quartzofeldspathic gneiss layer w i t h i n gairnetiferous Lervig gneiss 
i n near-horizontal outcrop north-east of Optedal, showing sharp similar 
F 2 minor folds. 
Plate 13e. 
Sketch of t h i n gneiss layer showing F 3 flexure superimposed upon f l a t F 2 
isocline i n Lervig gneiss near Sandvatn. 
garnet i f erous g n r i i s 
10cm 
..urn 
Minor structures i n the Lervig gneiss. 
Plate 1 3 . 
layered gneiss, though absence of any persistent marker horizon makes 
th e i r precise delineation impossible. Granitic gneiss occupies the 
core of an emtiformal f o l d of t h i s category to the north-west of 
Kleivatn. Three bodies of gr a n i t i c gneiss separated by t h i n layered 
gneiss horizons outcrop i n the hinge zone of the antiform along the 
eastern edge of the subunit. A t i g h t , f l a t - l y i n g , mesoscopical 
iso c l i n s i l f o l d can be delineated i n one of these bodies with an axis 
which swings round the main antiformal closure. I t i s possible that 
detailed str u c t u r a l analysis of t h i s tectonic subunit may reveal other 
similar t i g h t i s o c l i n a l folds which have been subsequently refolded. 
The plot of poles to f o l i a t i o n i n the unit i s shown i n figure 7. I t 
shows a prominant elongate maximum extending into a diffuse girdle with 
£in almost horizontal roughly north-trending axis and a further great 
c i r c l e g i r d l e of similar pattern to that for unit 2a. A plot of 
lineations from the area, shown i n figure 8, includes concentrations 
trending j u s t west of north v/ith gentle plunges to north or south but 
i s otherwise scattered. 
Minor folding i s both abundant and complex i n the Lervig gneiss 
of t h i s u n i t but i n many parts of the area the f l a t or rounded 
exposures make precise geometrical measurements d i f f i c u l t . Both broad 
U-shaped folds and closer-spaced V-shaped folds are widespread. The 
garnetiferous gneisses on the western side of the area frequently 
exhibit sharp V-shaped folds of various amplitudes. The garnets of 
these rocks are mostly euhedral or subhedral and sharply discordant 
to the f o l i a t i o n defined by b i o t i t e orientation though a few lensoid 
grains surrounded by b i o t i t e also occur i n the same exposures. 
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f ) U n i t 2c. 
This u n i t comprises the outcrop of the L e r v i g and 0ie gneisses 
n o r t h o f the Ratagangen crush zone. Wi t h i n t h i s area i s a major 
a n t i f o r m a l f o l d , the core o f which i s occupied by a p o r p h y r i t i c 
g n e i s s i c g r a n i t e surrounded by a layered basic gneiss horizon v/hich 
has been p r o v i s i o n a l l y c o r r e l a t e d w i t h the L e r v i g gneiss. The 
southern p a r t of t h i s f o l d i s a very t i g h t i s o c l i n a l s t r u c t u r e w i t h 
a very g e n t l e plunge t o the south on a north-south t r e n d i n g a x i s . 
North of the Guddal v a l l e y the core of the f o l d broadens considerably 
t o accomodate the p o r p h y r i t i c gneissic g r a n i t e . The a x i a l plane of 
the f o l d dips eastwards a t about ^0° i n the south but decreases to 
15° i n the northern sector of the subunit. The p l o t of f o l i a t i o n 
poles f o r t h i s u n i t , i n f i g u r e 7t shows a maximum and associated 
elongate area equivalent t o a p a r t i a l great c i r c l e g i r d l e w i t h a B-
a x i s t r e n d i n g roughly south and almost h o r i z o n t a l . The p l o t of 
l i n e a t i o n s i n f i g u r e 8 shows a concentration o f p o i n t s t r e n d i n g j u s t 
west o f n o r t h on e i t h e r side of h o r i z o n t a l . 
The basic layered gneiss i n the core of the a n t i f o r m d i f f e r s from 
the L e r v i g gneiss outcrop i n the S i r a v a l l e y i n t h a t the f e l d s p a t h i c 
component o f the sequence i s peg m a t i t i c . The more basic layered 
horizons i n the gneiss tend t o occur as r a f t s or i s o l a t e d layers 
w i t h i n the g r a n i t i c m a t e r i a l and minor f o l d i n g i s i n f r e q u e n t l y 
observed. A few traces of rounded U-shaped f o l d s i n f l a t exposures 
o f the adjacent 0ie gneiss can also be seen. A few i s o c l i n a l minor 
f o l d s v/ith steep e a s t e r l y - d i p p i n g a x i a l plemes and more i r r e g u l a r 
convoluted f o l d s occur i n the L e r v i g gneiss i n the S i r a v a l l e y . Thin 
b i o t i t i c l a y e r s w i t h i n the g a r n e t i f e r o u s g r a n i t i c gneisses also show 
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traces o f complex minor f o l d i n g but these are too f a i n t to reveal 
geometrical p a t t e r n s . 
g) U n i t 3a. 
This u n i t comprises the outcrop of the massive Kvinesdal g r a n i t i c 
gneiss t o the south of Netland together w i t h the Lande gneiss t o the 
west. This t e c t o n i c subunit contains no major f o l d closures but the 
p l o t o f f o l i a t i o n poles f o r the area shows a maximum, elongated to 
suggest a p a r t i a l great c i r c l e g i r d l e w i t h a B-axis plunging at a 
moderate angle to the east. This p a t t e r n , i l l u s t r a t e d i n f i g u r e 9, 
i s ah expression of the g e n t l e , open east-west undulations on both 
major and minor scales observable throughout most o f the area. An 
i s o l a t e d north-east t r e n d i n g f l e x u r e occurs i n the south of the area 
together w i t h several minor f o l d s w i t h s i m i l a r l y o r i e n t a t e d axes. 
Minor f o l d i n g i s absent i n the Kvinesdal g r a n i t i c gneiss but can 
be observed i n the adjacent layered Lande gneiss. Most of the f o l d s 
are i s o c l i n a l w i t h ax i e i l planes p a r a l l e l to the r e g i o n a l f o l i a t i o n 
but a fev/ f l a t S-shaped f l e x u r e s w i t h axes oblique t o the r e g i o n a l 
s t r i k e have also been observed. Ptygraatic f o l d s and other i r r e g u l a r 
convolutions occur i n t h i n f e l d s p a t h i c sheets w i t h i n the more basic 
horizons.of the Lande gneiss. 
h) U n i t 3b. 
This u n i t comprises the outcrop of the Kvinesdal and Lande 
gneisses t o the n o r t h of Netland. An open synforra w i t h an axis 
t r e n d i n g 15° west of n o r t h and plunging gently t o the south closes 
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the two gneiss horizons i n the northern p a r t o f the. eirea. The a x i a l 
plane o f t h i s f o l d f o l l o w s the r e g i o n a l f o l i a t i o n s t r i k e and dips at a 
moderate eingle to the east. The p l o t of the poles t o f o l i a t i o n i n 
the u n i t i n f i g u r e 9 shows an elongate maximum extending i n t o a 
great c i r c l e g i r d l e w i t h a B-axis t r e n d i n g about 20° west of north 
and plunging t o the south-south-east a t about 10°. 
The g r a n i t i c gneiss i n the core o f t h i s f o l d shows poorly-
developed f o l i a t i o n and l i t t l e other f a b r i c . The surrounding Lande 
gneiss e x h i b i t s a l i t t l e minor f o l d i n g i n the form of t i g h t i s o c l i n e s 
w i t h U-shaped noses. A p l o t o f f o l d axes and some mineral o r i e n t a -
t i o n s from both subunits 3a and 3b i s shown i n f i g u r e 10. This 
diagram shows a considerable s c a t t e r but concentrations close t o 
both poles w i t h gentle plunges and a few w i t h an e a s t e r l y plunge 
r e p r e s e n t i n g the gentle cross f o l d s . 
i ) U n i t ka. 
This u n i t comprises the outcrop o f the Lande gneiss and associat-
ed rocks i n the Kvina v a l l e y t o the south of Netland. The Lande 
gneiss outcrop represents the core of a t i g h t i s o c l i n e i l a n t i f o r m 
t h a t closes a l i t t l e t o the south of the area surveyed by the present 
author. Ohta (1966) has t r a c e d t h i s a n t i f o r m f u r t h e r down the 
v a l l e y of the Kvina from where the Lande gneiss disappears beneath 
the Kvinesdal g r a n i t i c gneiss i n a t i g h t closure as f a r as the south 
coast. I n the southern p a r t o f the v a l l e y the antiforra i s an open 
f o l d w i t h an axis t r e n d i n g t o the north-north-eaist. As the f o l d i s 
tra c e d f u r t h e r up the v a l l e y however, the western limb gradually 
becomes overturned, a geometry i t maintains throughout the present 
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area. I n the southern p a r t of i t s outcrop surveyed by the present 
author, the f o l d has an a x i s which trends north-south and plunges 
very g e n t l y t o the south. North of Lindef j e l l the a x i s swings to 
north-north-east again. The p l o t of f o l i a t i o n poles i n the subunit, 
i n f i g u r e 11, shows an elongate maximum and a p a r t i a l great c i r c l e 
g i r d l e , the pole of which plunges a t a low angle t o the south. 
Minor f o l d i n g i s both abundant and complex w i t h i n the Lande 
gneiss i n t h i s t e c t o n i c subunit. Five s t y l e s of f o l d have been 
recognised and these are i l l u s t r a t e d i n p l a t e 1^. Tight i s o c l i n a l 
l i n e a r noses v/ith a x i a l planes p a r a l l e l to the gneissic l a y e r i n g 
represent the r e s u l t of the e a r l i e s t recognisable phase of f o l d i n g . 
I n some instances these f o l d s have been f l e x u r e d i n a subsequent 
f o l d i n g phase. The most abundant f o l d s are i s o c l i n a l V-shaped 
f o l d s w i t h s t e e p l y - d i p p i n g t o v e r t i c a l a x i a l planes. P a r t i c u l a r l y 
i n the f e l d s p a t h i c horizons i n the Lande gneiss there are broad 
U-shaped f o l d s w i t h convoluted hinges and near v e r t i c a l a x i a l planes. 
The t r a c e of the f o l d i s only obvious i n f r e s h exposures when t h i n 
b i o t i t e - r i c h l a y e r s can be followed. The wavelength o f the major 
component of these f o l d s i s several metres but the convolutions, 
which resemble some ammonite suture t r a c e s , have wavelengths of only 
a few-centimetres. I n a d d i t i o n t o these f o l d s , some of the f e l d s -
p a t h i c gneiss e x h i b i t s i r r e g u l e i r flow f o l d i n g of extremely complex 
geometry. There are also a few i s o l a t e d S-shaped f l e x u r e s i n the 
more g r a n i t i c sectors o f the limb of the f o l d . I n the northern part 
of the u n i t there are several lin e a i r masses of g r a n i t i c gneiss i n t e r -
f i n g e r e d w i t h the more heterogeneous Lande gneiss. These rocks are 
the t r a n s i t i o n a l f a c i e s o f the u n d e r l y i n g 0ie layered g r a n i t i c gneiss 
r i s i n g t o the surface i n the cores of t i g h t i s o c l i n a l antiforms 
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Plate 1^. 
P l a t e l i f a . 
V e r t i c a l s e c t i o n of r e f o l d e d t i g h t i s o c l i n e of b i o t i t i c gneiss w i t h i n 
layered f e l d s p a t h i c Lande gneiss, south o f Kvin l o g . The V-shaped 
i s o c l i n e s w i t h near v e r t i c a l a x i a l planes are F 2 s t r u c t u r e s . 
Plate l ^ b . 
Outcrop p a t t e r n of complex-folded f e l d s p a t h i c gneiss h o r i z o n w i t h i n 
layered b i o t i t i c Lande gneiss, south o f K v i n l o g . 
Plate l 4 c . 
V e r t i c a l s e c t i o n o f ptygmatic f o l d i n g w i t h i n granular f e l d s p a t h i c rock 
w i t h i n basic Lande gneiss n o r t h of Urddal. 
Plate I 4 d . 
V e r t i c a l s e c t i o n of complex F 2 minor f o l d i n g i n f a i n t l y l a y e r e d g r a n i t i c 
gneiss of Lande gneiss n o r t h o f Urddal. 
Plate l4d. 
V e r t i c a i l s e c t i o n o f complex F 2 minor f o l d i n g i n f a i n t l y layered g r a n i t i c 
gneiss of Lande gneiss west of Stakkeland. 
Plate l ^ e . 
V e r t i c a l s e c t i o n o f i s o c l i n a l F 2 minor f o l d i n g i n layered b i o t i t i c and 
f e l d s p a t h i c Lande gneiss near Solham. 
10cm 
Minor structures i n the- Lande gneiss. 
Plate 14. 
p a r a s i t i c on the major f o l d . There also appears t o be some l a t e r a l 
replacement of the basic layered Lande gneiss by more g r a n i t i c rocks 
i n t h i s n orthern sector. 
j ) U n i t ^b. 
This u n i t comprises the outcrop o f the Lande and 0ie gneisses 
i n the Kvina v a l l e y and surrounding area to the no r t h of Netland, 
The major s t r u c t u r e o f t h i s u n i t i s a co n t i n u a t i o n o f the t i g h t 
overturned a n t i f o r m encountered i n u n i t ka w i t h a se r i e s of smaller-
scale p a r a s i t i c f o l d s . North of Risnes the a x i a l t r e n d of t h i s 
f o l d swings from north-north-east t o approximately n o r t h . I n the 
extreme n o r t h of the u n i t the t y p i c a l 0ie layered g r a n i t i c gneisses 
occupy the core of the f o l d surrounded by more heterogeneous but 
predominately f e l d s p a t h i c gneisses t r a n s i t i o n a l i n t o the more basic 
Lande gneiss. Outcrops o f basic gneiss horizons are rare except 
on the western limb of the f o l d . I n the extreme n o r t h of the u n i t 
much o f the eastern limb o f the f o l d i s occupied by p o r p h y r i t i c 
g n e i s s i c granitis o f g r a n o d i o r i t i c composition containing many gneiss 
i n c l u s i o n s . The p l o t o f poles t o f o l i a t i o n from the subunit i s 
inc l u d e d i n f i g u r e 11 and contains an elongate maximum extending i n t o 
a g i r d l e , the pole of which trends approximately north-south and 
plunges g e n t l y t o the south. 
Many o f the gneiss r a f t s on the eastern limb of the a n t i f o r m i n 
t h i s subunit d i s p l a y minor f o l d i n g . The predominant type i s a set 
of closely-spaced i s o c l i n a l V-shaped f o l d s w i t h a x i a l planes dipping 
a moderate angles t o the east, p a r a l l e l t o the r e g i o n a l planar f a b r i c 
i n the area. Potassium f e l d s p a r megacrysts, s i m i l a r i n appearance 
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t o the-mineral-grains i n the adjacent p o r p h y r i t i c gneissic grainodior-
i t e , occur w i t h i n some of the f o l d e d gneiss l a y e r s . The p l o t of 
l i n e a t i o n s i n f i g u r e 10 f o r both subunits ka. and ^b shows a c l u s t e r 
of p o i n t s around the south pole o f the diagram and a more scattered 
d i s t r i b u t i o n a t the opposite pole. 
k) U n i t 5a. 
This u n i t comprises the outcrop of the massive Kvinesdal 
g r a n i t i c gneiss, t h i n horizons of the Lande layered gneiss and the 
p o r p h y r i t i c gneissic g r a n i t e i n the core o f the elongate F j o t l a n d 
o 
a n t i f o r m t o the south of Asevatn. This a n t i f o r m which provides 
the major s t r u c t u r e of the subunit i s presumed t o close a l i t t l e t o 
the south of the boundary o f the area surveyed by the present author. 
The s t r u c t u r e i s t h e r e f o r e domal w i t h an a x i s plunging very g e n t l y 
t o the south i n i t s southern sector. The p l o t o f the d i s t r i b u t i o n 
o f poles t o f o l i a t i o n i n u n i t 5a i s i l l u s t r a t e d i n f i g u r e 12 sind 
shows an elongate area w i t h two maxima. The d i s t r i b u t i o n can be 
p a r t l y explained i n terms o f the in f l u e n c e of an a x i s trending 10° 
east o f n o r t h and plunging very s l i g h t l y t o the south. 
Minor f o l d i n g i s r e l a t i v e l y i n f r e quent w i t h i n t h i s t e c t o n i c 
s u b u n i t , I n t r a f o l i a l S-shaped f o l d s w i t h near h o r i z o n t a l axes and 
a x i a l planes are the most abundant type of s t r u c t u r e . These f o l d s are 
p a r t i c u l s i r l y noticeable v/hen o u t l i n e d by r e l i c gneissic l a y e r i n g 
w i t h i n the c e n t r a l p o r p h y r i t i c g r a n i t e . I s o c l i n a l V-shaped f o l d s 
w i t h steep esist-dipping a x i a l planes are encountered w i t h i n layered 
gneiss horizons. A few more open U-shaped f o l d s occur i n the most 
heterogeneous horizons o f the Kvinesdal gneiss on the f o l d limbs. 
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Some t h i n b i o t i t e - r i c h l a y e r s are crenulated i n t o very small sharp 
f o l d s w i t h near v e r t i c a l a x i a l planes. 
1) U n i t 5b. 
This u n i t comprises the northern p a r t of the F j o t l a n d sintifonn 
from Xsevatn t o Knabedalen and the main outcrop of the massive 
Kvinesdal g r a n i t i c gneiss around i t . A t h i n horizon of basic and 
f e l d s p a t h i c layered gneiss can be traced round a north-plunging 
a n t i f o r m a l nose to the south o f Haland. Here the a x i s of the major 
f o l d trends north-20°-east and plunges a t about 15°. The p l o t of 
f o l i a t i o n poles f o r the u n i t shows a maximum elongated i n t o a p a r t i a l 
great c i r c l e g i r d l e the pole o f which trends a t n o r t h 30° east and 
plunges a t about 20° t o the north-north-esist. The southern boundary 
o f t h i s u n i t i s provided by a l i n e a r f l e x u r e and disturbance zone 
running i n a n o r t h - e a s t e r l y d i r e c t i o n up Ssevatn. The layered 
gneisses on the north-west side of Xsevatn take on an almost east-
west s t r i k e as they swing i n t o t h i s s t r u c t u r e . This f o l d i s probably 
continuous with the s i m i l a r f l e x u r e i n the southern p a r t of u n i t 3a. 
The few minor f o l d s t h a t have been observed i n t h i s u n i t are 
e i t h e r i s o c l i n a l w i t h a x i a l planes paireillel t o the r e g i o n a l f o l i a t i o n , 
or g entle east-west t r e n d i n g f l e x u r e s . 
ra) U n i t 5c. 
This u n i t comprises the outcrop of the massive Kvinesdal g r a n i t i c 
gneiss t o the n o r t h o f the v a l l e y o f the Knabenelva. The gneisses 
a l l d i p monotonously t o the east and no major s t r u c t u r e s havebeeh 
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recognised. The plot of poles to f o l i a t i o n , i n figure 13, shows 
a roughly c i r c u l a r concentration of points and very l i t t l e scatter. 
Few minor folds have been observed within the rocks of t h i s unit. 
Traces of i s o c l i n a l V-shaped folds and a few S-shaped flexures are 
brought out by thin b i o t i t e - r i c h layers within the more heterogeneous 
parts of the granitic gneiss however. A small number of isolated 
flexures trending between north-north-east and north-east have also 
been observed. 
The plot of lineations for the three subunits, 5a, 5b and 5c, 
i n figure 1^ shows a considerable scatter of points with diffuse 
concentrations about both poles of the diagram. 
n) Unit 6a. 
This unit comprises the outcrop of the Knaben, F l o f j e l l and 
Oddevassheii gneisses to the west of the Ljosland intrusion. These 
gneisses are presumed to occur on the western limb of a large synform, 
the core of which has been largely replaced by the Ljosland intrusion. 
This structure i s possibly continuous with the large synformal 
complex discovered by Ohta (1966) on Kvinesheii (see plate The 
plot of poles to f o l i a t i o n i n the unit i s i l l u s t r a t e d i n figure I3 
and shows a c i r c l e of maiximum density with elongate areas projecting 
i n two directions, one of which could be a p a r t i a l girdle with an 
axis trending to the north-north-east and plunging at a low angle 
i n t h i s same direction. 
Minor folding i s abundant i n the Oddevassheii gneiss but l e s s so 
i n the Knaben gneiss. Most of these folds are simple V-shaped 
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i s o c l i n e s with a x i a l planes close to the orientation of the regional 
f o l i a t i o n of the gneisses, though some more complex structures with 
curved a x i a l traces have also been observed. 
o) Unit 6b. 
This unit comprises the outcrop of the alternating layered 
b i o t i t i c and basic gneisses and the massive granitic gneiss to the 
east of the Ljosland intrusion. These rocks are presumed to l i e 
on the eastern limb of the major synform extending from Kvinesheii. 
The detailed mapping of a small area of similar gneisses around the 
Flottorp molybdenum f i e l d , j u s t to the south east of the present 
area, by Zeppernick. (1966) has revesiled seversil i s o c l i n a l folds 
with wavelengths of a few hundred metres. These folds are tight 
i s o c l i n e s with a x i a l planes psirallel to the regional f o l i a t i o n . The 
plot of poles to f o l i a t i o n of the gneisses i n t h i s subunit, i n 
figure 151 exhibits a well defined great c i r c l e girdle with an axis 
trending north 20° east and plunging gently i n t h i s direction. I t 
i s noticeable that westerly-dipping f o l i a t i o n i s more abundant than 
i n other units. 
Most of the minor folding within the layered gneiss of t h i s 
unit i s i s o c l i n a l with a x i a l planes clpse to the regional f o l i a t i o n . 
A few is o l a t e d U-shaped folds also occur. The plot of the lineations 
from subunits 6a and 6b, i n figure 1^, shows a concentration of points 
with gentle plunge trending to the north-north-east. 
p) Structural Synthesis and history of deformation. 
The s t r u c t u r a l evolution of the high-grade basement gneisses 
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of t h i s area i s both complex and d i f f i c u l t to elucidate. The early-
formed fabric of the rocks has been largely or completely obiliterated 
by the r e c r y s t a l l i s a t i o n and deformation during the climax of the 
orogeny. The geometrical analysis of the structures produced under 
the high temperatures to which these rocks were subjected i s compli-
cated by the p o s s i b i l i t y of continuous flow deformation. Such a 
process may produce i n t r i c a t e patterns of folding within one stress 
f i e l d . The evaluation of the tectonics of th i s sector of the 
PreCambrian of Southern Norway i s therefore necessarily incomplete 
and perfunctory. 
The st r u c t u r a l interpretation of the area i s based primarily on 
the analysis of major fold structures and to a l e s s e r extent on 
minor folding. Five deformation phases or s t y l e s have been 
recognised within the rocks of the Flekkefjord Series. The develop-
ment of the gneissic layering and f o l i a t i o n marks the f i r s t recognis-
able event i n the evolution of the tectonic fabric of the rocks. 
The i s o l a t e d S-shaped intrafolieuL flexures i n otherwise unfolded 
rocks may also have originated during these early stages of orogenesis. 
During the i n i t i a l period of tectonism the rocks were also deformed 
into a s e r i e s of tight i s o c l i n a l folds v/ith p a r a l l e l limbs and U-
shaped noses. Only one example of t h i s F 1 folding has been clearly 
recognised on a major scale. This F 1 fold, the core of which i s 
occupied by granitic gneiss occurs within the Lervig gneiss complex 
i n tectonic subunit 2b. The axis of th i s fold has been refolded 
round an i s o c l i n a l ajitiform which originated during the subsequent 
F 2 deformation episode. Detailed structural analysis of the 
complex i s o c l i n a l folding i n the layered gneiss horizons would 
probably reveal further early folds though these are largely 
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eclipsed by F 2 structures. A few possible examples of F 1 
i s o c l i n e s refolded by subsequent deformation have also been 
observed on a minor scale, p a r t i c u l a r l y i n fresh road sections 
i n subunits 2a and ^a (see plates 13 and 1^). 
The major folded structures that determine the.outcrop 
pattern of the rocks of the area originated during the F 2 
deformation phase. These folds are normal i s o c l i n e s , 
overturned to the east with gently-plunging axes. They trend 
from j u s t west of north i n the western sector to north-north-
east i n the eastern sector of the area. Several s t y l e s of 
minor folding, the main types of which aire i l l u s t r a t e d i n 
plates 13 and I't, originated within t h i s deformation episode. 
Axial planes of these folds ususilly dip at moderate singles to the 
east i n common with the major structures. 
The reclined complementary antiform and synform of 
tectonic subunit 2a originated during a third and lo c a l i s e d 
phase of deformation. The a x i a l planes of these folds trend 
i n a north-north-westerly direction but the fold axes plunge 
at a moderate angle to the north-east. The interrelationship 
of these folds with the major F 2 structures i n the Lervig 
gneiss i s d i f f i c u l t to decipher,particularly as exposure 
i s very poor i n the core of the F 3 synform (see plate 3a). 
A strong crinkle sind minor fold axis lineation p a r a l l e l to 
the major F 3 fold axes i s developed i n the core of the a n t i -
form and i n the adjacent rocks. These F 3 structures 
in t e r f e r e with and refold F 2 minor folds (see plate 13). 
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The isolated north-east trending flexures, often 
associated with l i n e a r weakness zones eg. Asevatn, are assigned 
to a fourth phase of deformation, i n the waning stage of 
orogeny. Similar isolated small scale flexures occur 
throughout the whole area but are most abundant i n the 
north-east. 
Throughout the region there are euLso some very broad, 
gentle, east-west-trending flexures which cause undulations 
i n the s t r i k e of the major F 2 structures. Similar small-
scale flexures are widespread, sometimes i n otherwise 
unfolded rocks. These gentle cross-folds eire assigned to a 
f i f t h phase of deformation, though i n many cases they could 
be contemporaneous with the F 2 structures. 
Six phases or s t y l e s of deformation have been 
recognised within the Sirdalsvatn Series. The arrow-head 
minor fold r e l i c t s within the Feda augen gneiss are indicative 
of a phase of folding prior to the development of the 
gneissic layering and regional f o l i a t i o n . These structures 
have been assigned to an F 0 deformation, confined to the 
Sirdalsvatn Series. The rocks were then thrown into a 
s e r i e s of tight i s o c l i n s i l folds possibly contemporaneous with 
the F 1 phase of folding which affected the Flekkefjord 
S e r i e s . Only i n a few of the freshest exposures of the 
Feda augen gneiss are there indications of complex structures 
which probably originated at t h i s time. 
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The Sirdalsvatn Series was refolded during the main F 2 
deformation essentially as one large u n i t but minor structures 
dating from t h i s deformation are r e l a t i v e l y rare. Some flexures 
of F 3 age can be seen i n the Sirdalsvatn series adjacent to the 
Sandvatn antiforra and F 5 type cross-folds occur on both major 
and minor scales. 
In recent years several authors have proposed sequences of 
deformations to explain s t r u c t u r a l complexity i n several sectors of 
the PreCarabrian of southern Norway. P. Michot (1957 and I96O) 
proposed that the gneisses to the north of the Rogaland anorthosite 
complex were throm. into complex pl a s t i c folds and nappes during 
two tectonic phases i n the deep catazone. These two deformations 
produced structures trending north-south and east-west respectively. 
A l a t e r deformation then largely obliterated traces of the earl i e r 
structures. 
V/egmann (196O) recognised three d i s t i n c t periods of deformation 
i n the Kongsberg-Bamble formation. The f i r s t occurred when the 
rocks were at medium depths within the crust and was contemporaneous 
with the formation of granodioritic gneisses. The second phase took 
place when the rocks were at a deeper le v e l and the twisting and 
refolding of the e a r l i e r folds produced structures of great complexity. 
Deformation became cataclastic at the end of t h i s period. A t h i r d 
deformation produced extensive zones of mylonite i n a high-level 
b r i t t l e basement. Barth ( I963) developed t h i s interpretation for 
the whole south Norwegian PreCambrian and dated the end of the second 
period of deformation at 1000 m.y. He considered that the f i r s t 
75. 
deformation was common to a l l sectors and the second began after 
the deposition of the Telemark supracrustals vdth an orogeny with 
extensive migmatisation and was follov/ed by the intrusion of the 
anorthosite complex, hyperites and f i n a l l y the farsundite and other 
diapir granites. Fissuring, mylonitisation, brecciation, dyke 
intrusion and mineralisation occurred within the t h i r d period of 
deformation. 
Tobi (1965) postulated that the gneisses between Sirdalsvatn 
and the anorthosite complex were subjected to three phases of 
deformation. He considered that early t i g h t i s o c l i n a l folds were 
refolded by more open isoclines during the second phase and then 
the whole area was block-faulted. Falkum (I966) interpreted the 
structure of an area of gneisses near Kristiansand i n terms of two 
f o l d phases. The f i r s t of these produced structures trending to 
the north-north-east and the second a gentle doming trending east or 
south-east. The d i s t r i b u t i o n of lineation orientations was 
explained i n terras of a combination of the l a t e r folding and the 
large scale block t i l t i n g that affected the area. Smithson and 
Earth (1967) recognise three phases of folding i n the gneisses 
surrounding the Holum granite based on the study of minor fold styles, 
but admit that the detailed structure i s probably more complex. The 
e a r l i e s t folds transposed the o r i g i n a l layering but were largely 
obliterated by the F 2 chevron folds with north-trending axes. The 
axes of these folds show broad east-vjest undulations which are 
c l a s s i f i e d as F 3 folds, 
Falkura (I967) has given a summary of a detailed structural 
76. 
synthesis of the Flekkefjord area based primarily on the analysis 
of major f o l d structures. Four phases of folding with the 
p o s s i b i l i t y of a f i f t h are postulated. In t h i s interpretation 
large i s o c l i n a l folds were produced i n the i n i t i a l deformation 
period and subsequently refolded about north-north-west to north-
trending axes. These structiires were l o c a l l y refolded about 
north-east trending F 3 folds with steeper a x i a l surfaces. The 
gentle east-west undulations are assigned to fourth phase folding. 
The complexity of the geometry of the e a r l i e r folding of the 
gneisses has now been recognised within several sectors of the 
Rogaland-Telemark basement. East-west cross folds have also been 
widely i d e n t i f i e d . The approach to the elucidation of the 
basement structure i n the above works and the present study has 
been essentially a n a l y t i c a l and geometrical. A dynamic i n t e r -
pretation of the structure of the Rogaland-Teleraark province w i l l 
be possible from a synthesis of the work of the Telemark Project. 
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8. BRITTLE DEFOmATION MP RETROGRADE METAMORPHISM 
Four types of b r i t t l e fracture have been distinguished within 
the present area, the l a t t e r three of which are associated with 
some a l t e r a t i o n or retrograde metaraorphisra. 
a) Early Healed Faults 
I n these structures both sides of the movement plane have 
been cemented together so that no break occurs i n the rocks. These 
planes are therefore very d i f f i c u l t to see except i n fresh exposures. 
An example i s exposed i n the roadside to the south of Tonstad and 
i s i l l u s t r a t e d i n plate 5« There i s a clear d i s t i n c t i o n between 
the rocks on either side of the f a u l t but i t has not been possible 
to estimate the throw of t h i s break. The f a u l t plane trends between 
north-north-east and north east and hades at about 65° to the south-
east. The layered feldspathic Tonstad gneiss to the north of the 
plane ;'isi folded p l a s t i c a l l y u n t i l the layering i s p a r a l l e l to the 
f a u l t plane,in the space of a few centimetres. The f a u l t plane i s 
occupied by a few centimetres of layered coarse-grain granitic rock 
which i s sharply truncated against the pinker granitic gneiss to the 
south of the f a u l t . A few other similar but less well defined 
f a u l t s are exposed further south along the road. 
Healed f a u l t s have also been observed within the Feda augen 
gneiss, the Lervig gneiss and the Kvinesdal gneiss. The material 
f i l l i n g these f a u l t planes i s either fine-grain granular leucogranite 
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or coarser pegmatite. The f a u l t l i n e at Ornehomraen near Knaben 
has been f i l l e d with two generations of vein rock, an earli e r dark 
quartz vein with chalcopyrite and pyrrhotite and a l a t e r white 
quartz pegmatite. Invariably the gneisses on one side of the 
break turn into the f a u l t plane while on the other there i s a sharp 
discordance. Low angle f a u l t s with small displacements also occur 
i n some layered feldspathic gneiss horizons. 
These f a u l t s probably originated by pl a s t i c deformation 
followed by rupture as a result of r e l a t i v e l y rapid application of 
stress. The structures therefore exhibit features of both b r i t t l e 
and ductile deformation. After the i n i t i a l release of stress the 
fracture was slowly healed i n response to the s t i l l present regional 
stress. Before t h i s process was completed these breaks represented 
lines of weakness into v;hich pegmatite and other mobilisates v;ere 
intruded. 
b) Mylonites 
Within the F l o f j e l l gneiss to the east of Knaben there are 
several north-south raylonite zones. They are usually of the order 
of a metre i n thickness and are f i l l e d v;ith a fine-grain schistose 
rock which contrasts sharply with the surrounding phenoblastic 
g r a n i t i c gneiss. Though narrow, these fractures are often v i s i b l e 
on a e r i a l photographs as they give r i s e to sharp steps i n otherwise 
rounded exposures. A t y p i c a l specimen of the mylonite rock contains 
elongate sutured quartz and feldspar fragments set i n a fine 
micaceous groundmass which wraps round the larger grains. The few 
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plagioclase grains present exhibit deformed twin lamellae. The 
matrix consists mostly of small rounded grains of quartz, b i o t i t e 
p a r t i a l l y altered to c h l o r i t e and secondary s e r i c i t e . Sphene, 
apatite, a l l a n i t e and a l i t t l e hematite are the main accessories. 
A l l the fractures that have been examined dip towards the east at 
r e l a t i v e l y low angles. The strong adherence of the mylonite rock 
to the adjacent rocks and the lack of extensive retrograde 
metaraorphisra indicate that the fractures originated while the rock 
was s t i l l under considerable load stress, probably during the waning 
stages of the orogeny. 
c) Retrograde raetamorphism 
Retrograded rocks are widespread but confined to definite 
linear zones. Intense retrograde raetaraorphism has transformed the 
rocks at the base of the Lervig gneiss to the south.of Optedal into 
quartz-pieraontite and epidote-chlorite rocks. In the centre of the 
section i s a horizon of bright pink piemontite-quartz rock,several 
metres i n thickness, which has replaced o r i g i n a l quartzofeldspathic 
gneiss. Most of the rock has a fine granular texture but some 
lenses and veins with quartz and large piemontite prismatic crystals 
also occur. A t y p i c a l section of the rock, i l l u s t r a t e d i n plate 
15a, consists of a fine aggregate of pale green epidote with patches 
showing the intense colouration of piemontite, interspersed with 
r e l a t i v e l y large quartz grains. At the contact with the quartz 
grains are coarser euhedral crystals. Some of these crystals are 
pale green, s l i g h t l y pleochroic, o p t i c a l l y positive, iron-poor 
epidote while others contain cores or sharp zones of piemontite with 
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Plate 15. • 
Plate 15a. 
Photomicrograph taken i n plane polarised l i g h t of piemontite-bearing 
rock from retrograded Lervig gneiss, south-east of Optedal. The section 
consists of a mass of epidote-piemontite grains which exhibit euhedral 
form within and bordering the associated quartz grains. Zonation i n 
colouration i n the euhedral grains i s clear i n the photograph. A 
chlo r i t e grain occupies the lower l e f t corner of the photograph. 
Magnification x ^0. 
Plate 15b. 
Photomicrograph taken i n plane polarised l i g h t of f l u o r i t e within b i o t i t e 
i n biotite-plagioclase gneiss from the Lande gneiss near Nordb0 i n the 
Kvina v a l l e y . The b i o t i t e i s unaltered except for a thin layer of 
chlorite airound the f l u o r i t e . The section contains a l i t t l e clear 
quartz and cloudy plagioclase. Magnification x 100. 
a 
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P l a t e 15. 
the p l e o c h r o i c scheme,(a) yellow,(b) v i o l e t and(c) r i c h purple-red. 
A l i t t l e c h l o r i t e , sphene and hematite are u s u a l minor c o n s t i t u e n t s . 
Morton and C a r t e r (1963) have described some Norwegian 
oc c u r r e n c e s of piemontite and withamite. They recognised withamite 
by i t s r e l a t i v e l y low manganese content and o p t i c a l l y negative 
c h a r a c t e r . They concluded t h a t a l l the specimens examined except 
one were withamites v;ith Mn^ O-^  contents ranging from 0,21So to 
The piemontite e x h i b i t e d w e l l defined but i r r e g u l a r o p t i c a l zoning 
and contained on average 2.76/a HnO p l u s Mn^ *^ *^ S e v e r a l euhedral 
c r y s t a l s of both pa l e green and zoned epidotes i n a specimen of the 
quartz piemontite rock were analysed f o r manganese on the e l e c t r o n 
raicroprobe f o r comparison. The manganese content of pale green 
g r a i n s was found to v a r y from O.lSo I'ln^O^ to 0,J,% Mn^O^ but for the 
i n t e n s e l y p l e o c h r o i c a r e a s a range of from 1.15o ^^ 2^^ 3 ^° 5.6/^  Mn^O^ 
was d i s c o v e r e d . V/ithin the p l e o c h r o i c a r e a s no r e l a t i o n s h i p between 
the i n t e n s i t y of c o l o u r a t i o n and the manganese content v;as apparent. 
There i s t h e r e f o r e some s i m i l a r i t y between the manganese epidote 
a n a l y s e d and the piemontite from Furenes i n chemical composition. 
Manganese contents c o n s i d e r a b l y i n excess of the above range have 
f r e q u e n t l y been reported f o r pieraontites i n the l i t e r a t u r e . 
M iyashiro and S e k i (1958) have r e l a t e d the manganese contents of 
piemo n t i t e s with t h e i r temperatures of formation. High temperature 
m i n e r a l s are considered to contain more manganese, than specimens 
t h a t c r y s t a l l i s e d i n the low g r e e n s c h i s t f a c i e s . T h i s simple 
r e l a t i o n s h i p does not hold f o r the Norwegian m i n e r a l s a s they e x h i b i t 
c o n s i d e r a b l e and i r r e g u l a r v a r i a t i o n s i n manganese content i n d i f f e r e n t 
p a r t s o f the same g r a i n . These f l u c t u a t i o n s i n composition probably 
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r e f l e c t v a r i a t i o n s i n the amount of a v a i l a b l e manganese during 
c r y s t a l l i s a t i o n and l a c k of e q u i l i b r i u m . 
Most of the manganese must have been e x t e r n a l l y derived though 
t h i s may have been by the l e a c h i n g of mafic m i n e r a l s i n b a s i c rocks 
through which the hydrotherraal s o l u t i o n s passed. Button (1938) 
considered t h a t adequate manganese fo r the formation of the Glen Coe 
withamite could have been derived by the breakdown and l e a c h i n g of 
mafic m i n e r a l s i n the Glen Coe l a v a s . An i n d i c a t i o n of the 
o x i d i s i n g nature of the hydrothermal s o l u t i o n s a s s o c i a t e d with the 
Optedal piemontite d e p o s i t i o n i s provided by the abundance of 
hematite both i n the retrograded r o c k s and nearby quartz v e i n s . 
B a s i c g n e i s s e s near the piemontite-bearing r o c k s have been 
retrograded to an assemblage c o n s i s t i n g of pale to emerald green 
c h l o r i t e with i n c l u d e d l e n s e s of sphene and p a l e yellow ferruginous 
epidote, p a r t i a l l y a l t e r e d p l a g i o c l a s e with included z o i s i t e prisms, 
magnetite rimmed with sphene and s c a t t e r e d g r a i n s of pale green 
p l e o c h r o i c epidote. A pegmatite c u t t i n g these b a s i c rocks contains 
quartz, r e d a l t e r e d m i c r o c l i n e , epidote and a fev; g r a i n s of 
c h a l c o p y r i t e and b o r n i t e . The degree of a l t e r a t i o n of the g n e i s s e s 
decreases a few dekaraetres from the piemontite r o c k s . The g r a n i t i c 
r o c k s are bleached and c o n t a i n patches of piemontite g r a i n s . The 
potassium f e l d s p a r i s brown and t u r b i d and the p l a g i o c l a s e has 
stepped and f r a c t u r e d twins and i s moderately a l t e r e d with a few 
i n c l u d e d z o i s i t e g r a i n s . C h l o r i t e with a s s o c i a t e d yellow p l e o c h r o i c 
epidote i s the only mafic phase. The presence of f r a c t u r e d g r a i n s 
of p l a g i o c l a s e i n d i c a t e a p e r i o d of b r i t t l e f r a c t u r e p r i o r to the 
r e t r o g r a d e metamorphism. 
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L e s s i n t e n s e but s i m i l a r retrograde raetaxnorphism i s developed 
a d j a c e n t to Kragelandsvatn i n the south of t e c t o n i c subunit 3a» 
The m i n e r a l assemblages of the retrograded g r a n i t i c r o c k s are 
s i m i l a r to the margins of the Optedal a l t e r a t i o n zone. Epidote 
and piemontite are widespread but minor c o n s t i t u e n t s of the r o c k s . 
Epidote segregations occur i n the cores of some of the minor f o l d s 
on the shores of the l a k e . Thin milky quartz v e i n s with s p e c u l a r 
hematite and a l i t t l e c a l c i t e are conspicuous i n the most a l t e r e d 
r o c k s . 
d) L i n e a r f r a c t u r e s and a s s o c i a t e d retrograde metamorphi sm 
S u b v e r t i c a l f r a c t u r e s and crush zones are extremely abundant 
throughout the a r e a and on the higher ground these are marked by 
deep dep r e s s i o n s formed a f t e r the i c e had removed p r e f e r e n t i a l l y the 
l e s s r e s i s t e n t s h a t t e r e d and a l t e r e d r o c k s . I n no place has i t been 
p o s s i b l e to demonstrate s i g n i f i c a n t m.ovements along t h i s type of 
f r a c t u r e . The predominant trends of the wider and more p e r s i s t e n t 
crush zones are about east-west and l e s s f r e q u e n t l y north-west to 
north-north-west and n o r t h - e a s t to e a s t - n o r t h - e a s t . 
The r o c k s w i t h i n and a d j a c e n t to the main crush zones are often 
r e t r o g r a d e d . The r o c k s w i t h i n the Ratagangen f r a c t u r e zone which 
s t r e t c h e s a c r o s s the e n t i r e a r e a from Tonstad to R«yseland,near 
o 
A s e r a l , c o n t a i n b r i g h t red f e l d s p a r s . The p l a g i o c l a s e of the r e t r o -
graded g r a n i t i c r o c k s i n the crush zone near Knaben are h e a v i l y 
s a u s s i t i s e d and the b i o t i t e i s p a r t i a l l y or completely a l t e r e d to a 
p a l e green p l e o c h r o i c c h l o r i t e . The e l e c t r o n microprobe a n a l y s i s 
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of c h l o r i t e from one of these rocks i s given i n table 3. On 
the basis of the c l a s s i f i c a t i o n of Hey (195^), t h i s mineral f a l l s 
into the r i p i d o l i t e f i e l d . Some of the chlorite grains contain 
small elongate to round zircon grains surrounded by pleochroic 
haloes and are associated with large clear grains of sphene and 
a few concentrically zoned a l l a n i t e c r y s t a l s . 
Chlorite i n some of the granitic gneisses adjacent to the 
Ratagangen crush zone i n the Knaben area contains lenses or 
euhedral cubes of deep blue f l u o r i t e (see plate 15b). Huorite 
occurs i n partly c h l o r i t i s e d b i o t i t e s in otherwise unaltered 
g r a n i t i c gneisses to the south-west of Knaben and in the Kvina 
v a l l e y nesir Nordb0, In the Kvina val l e y occurrence the fluorite 
i s rimmed with a very thin layer of chlorite i n otherwise unaltered 
b i o t i t e . The f l u o r i t e must therefore have been deposited from 
the hydrotherraal solutions that invaded parts of the area and 
altered the b i o t i t e to chlorite adjacent to the major crush zones 
and many small fractures. 
The Ratagangen cinish zone cuts the east-west igneous dyke 
near Knaben Gard. Where the dyke i s exposed near the inter-
section the contact rocks are altered with the development of 
chlo r i t e and epidote i n the dyke rock and the degradation of 
feldspars and b i o t i t e i n the adjacent granite gneisses. The 
hydrothermal solutions that percolated through the crush zone 
were also able to move some way along the contacts of the dyke. 
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A comparison of the major element chemistry of retrograded 
rocks and unaltered similar material i s i l l u s t r a t e d i n table 4, 
The main difference between the two gra n i t i c rocks i s the high 
sodium and low potassium content of the altered rock i n comparison 
to the fresh gneiss. The more basic altered gneiss i s richer 
both in sodium and aluminium than a corresponding unaltered rock, 
but s l i g h t l y r i c h e r i n potassium also. These differences are 
refle c t e d i n the presence of muscovite i n the altered rock. 
Isolated a l t e r a t i o n of some mafic s i l i c a t e s with no 
regional significance also occur. Cordierite invariably shows 
some alt e r a t i o n p a r t i c u l a r l y along the grain boundaries. 
Orthopyroxene sometimes shows alteration along cracks to iron 
oxides and an orange brown material. Clinopyroxene i s sometimes 
p a r t i a l l y altered to hornblende or chlorite, iron ore and c a l c i t e . 
The f i n a l event i n the structural history of the area was 
the opening up of tension fractures and j o i n t s as the rocks were 
raised to a high l e v e l i n the crust and residual s t r a i n was 
released. The predominant jo i n t directions are east-west and 
roughly north-south. 
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9. THE MOLYBDENITE AND OTHER SULPHIDE MINERALISATION. 
The aim of t h i s study i s to assess the relationship of 
the mineralisation with the broad regional geology, Bugge 
( 1963 ) has given an account of the history of mining 
a c t i v i t y together with some geological d e t a i l s of the main 
deposits and most of the old woricings within the area. 
a) Description of mineralisation. 
Bugge's c l a s s i f i c a t i o n of the molybdenite deposits of 
Norway i s based on occurrences i n the Knaben area and makes 
a primary d i s t i n c t i o n between molybdenite associated with 
quartz veins and molybdenite associated with pegmatite and 
a p l i t e veins. The term apl i t e i s applied by Bugge to fine or 
medium grain granular feldspathic rocks without v i s i b l e 
f o l i a t i o n , following l o c a l nomenclature i n the Knaben mine. 
As most of t h i s rock i s interlayered concordantly with 
f o l i a t e d g r a n i t i c and b i o t i t i c gneisses and probably resulted 
from i n s i t u r e c i y s t a l l i s a t i o n rather than intix)duction from 
depth, the term grajiular leucogranite i s preferred by the 
present author. As mineralisation associated with quartz 
veins, pegmatite and granular leucogranite frequently occur 
i n close association at the same l o c a l i t y , a c l a s s i f i c a t i o n 
of the deposits i n terms of the geological environment i s 
considered more i n s t r u c t i v e than the morphological c l a s s i f i c -
ation used by Bugge. A b r i e f description of the mineralisation 
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types i n these terms follows. 
;l) Sulphides impregnated i n layered and basic gneisses. 
Within some of the layered feldspathic gneisses, 
p a r t i c u l a r l y i n the Knaben area, are thin horizons r i c h i n 
fine grain iron and copper sulphides. I n natural exposures 
these rocks are conspicuous because of rusty staining, t h o u ^ 
sulphide grains are only conspicuous vdien surface rock i s 
removed. These fahlbands are similar to those described by 
Gammon ( 1966 ) from the Kbngsberg-Bamble formation of the 
PreGambrian of south Norway. Pyrite i s the most abundant 
sulphide though a l i t t l e chalcopyrite also occurs. Significant 
fahlbands observed outside the Khaben area are shown on the 
accompanying.map of mineralisation. Some b i o t i t e - r i c h basic 
gneiss l a y e r s are also impregnated with small amounts of 
pyrite and chalcopyrite, p a r t i c i i l a r l y to the north-east of 
Guddal. 
"2) Molybdenite associated with small quartz veins i n layers and 
r a f t s of fahlband-contalning gneiss within phenoblastic 
g r a n i t i c gneiss. 
This type of mineralisation I s well developed i n the 
Knaben area mineralisation ' mldzone ' and i t s extension 
south into L l t l a d a l e n . The molybdenite occurs along the 
margins of the quartz veins or i n the adjacent gneiss. I n 
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weathered exposiires these veins are stained a bright red. 
To the west of the main outcrop of the Knaben gneiss these 
rocks occur as isolated lenses and r a f t s within the 
phenoblastic Kvinesdal gneiss and frequently exhibit 
f l a s e r structure with b i o t i t e wrapped round lenses of 
granular quartz and feldspar. The amount of molybdenite 
associated with t h i s type of deposit i s geneiuLly small. 
3) Molybdenite, associated with thick but Impersistent quartz 
veins at the contacts of massive amphlbolite horizons. 
Molybdenite has been worked at the old Knaben 1 mine i n 
lensold quartz veins up to 10 metres thick at the contact of 
an amphlbolite horizon with the surrounding phenoblastic 
g r a n i t i c gneiss. The quartz veins depart s l i g h t l y from the 
exact contact at the margins of the deposit and i n depth where 
the amphlbolite boundary diverges from the regional f o l i a t i o n . 
The molybdenite i s e s p e c i a l l y enriched along the quartz vein-
amphlbolite boundary and i n Isolated clumps within the vein. 
The g r a n i t i c gneiss on the other side of the vein i s also 
Impregnated with a small amount of sulphide. The mineralised 
ve i n stretches about 100 metres along the s t r i k e . Similar 
but l e s s extensive deposits are associated with the margins of 
basic gneiss horizons on the western side of Bergetjem, one 
kilometre to the south of the Khaben 1 mine. Clumps of 
molybdenite, 2 or 3 cm. I n diameter, with coarse-grain biotite 
are associated with quartz lenses containing a l i t t l e white 
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feldspar. 
4) Molybdenite ajid chalcopyrite associated with thin quartz veins, 
pegmatite and granular leucogranite layers within layered 
phenoblastic g r a n i t i c gneiss. 
This type of mineralisation i s found i n a series of 
north-south zones within the Kvinesdal gneiss west of the 
Knaben gneiss. One of these zones runs from the western 
side of Litl a d a l e n northwards as f a r as the Khabenelva and 
i s well exposed at the south-eastern side of Skjerlevatn, 
f i v e kilometres to the south-west of Khaben. Though most of 
the rocks are quartzofeldspathic.a few layers of b i o t i t e - r i c h 
ixjck also occur. Thin concordant quartz veins with chal-
copyrite and a l i t t l e pyrite are found within both phenoblastic 
g r a n i t i c gneiss and granular leucogranite layers. These 
sulphides together with a l i t t l e molybdenite are also 
disseminated up to 3 cm. from the vein margin i n the adjacent 
gneiss, frequently along the margins of the larger feldspar 
c i y s t a l s . Molybdenite i s also found i n clumps with large 
b i o t i t e grains i n medium-grain granular pegmatite and i n 
adjacent b i o t i t e - r i c h gneisses. The ore i s also associated 
with discontinuous lensoid quartz i n granular leucogranite 
l a y e r s . I n contrast to these concordant sulphide deposits there 
are also a few thin impersistent quartz veins with chalcopyrite 
sharply discordant to the regional gneissic layering. 
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5) Molybdenite with a l i t t l e pyrite and chalcopyrite associated 
with quartz and pegmatite within faintly-layered phenoblastic 
granitic"gneiss. 
The geological environment of t h i s type of mineralisation 
i s s i m i l a r to the preceding cl a s s except that the gneissic 
layering i s f a i n t and b i o t i t e - r i c h l a y e r s are absent. 
Mineralisation outside the Khaben area i s frequently of t h i s 
type. At the Vordal old workings, some 15 kilometres to the 
south of Knaben, molybdenite i s associated with quartz veins 
up to one metre i n thickness and a few pink feldspar 
pegmatite sheets. The richest ore occurs along the vein-
gneiss boundary and i n a few planes within the surrounding 
g r a n i t i c gneiss. Both i n the Kvina v a l l e y and eastern slopes 
above Sirdalsvatn? molybdenite i s often found at the f i n e r 
margins of concordant pegmatites and with lensoid quartz 
segregations i n phenoblastic g r a n i t i c gneiss with diffuse 
layering. I t i s s i g n i f i c a n t that no sulphide deposits have 
been discovered i n the massive homogeneous granitic gneiss 
horizons. 
.6) Molybdenite associated with quartz and plagioclase-rich veins 
i n basic gneiss. 
Small amounts of molybdenite are associated with irregular 
dark quartz veins which cut basic horizons i n the Lande gneiss 
of the Kvina v a l l e y . A l i t t l e pyrite and chalcopyrite i s also 
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associated with t h i n plagioclase-pyroxene pegmatite veins 
within these rocks. Within the basic Oddevassheli gneiss 
adjacent in the western contact of the Ljosland Intrusion are 
t h i n ramifying plagloclase-rlch veins with coarse b i o t i t e 
c r y s t a l s . A l i t t l e molybdenite occurs I n these veins and along 
t h e i r contacts. Fine-grain feldspathic gneisses immediately 
adjacent to the Intrusion are impregnated with fine n l c k e l -
iferous pyrrhotlte. 
fi) Molybdenite associated with discordant pegmatite veins. 
Discordant pegmatites are much l e s s frequent than 
concordant sheets of t h i s rock. Accessory molybdenite has 
been observed i n a few examples, eg. i n a 30 cm. wide dyke 
cutting the Tonstad gneiss near S k i b e l i . Bugge (l963 ) 
records that a l a t e pegmatite i n the Knaben 2 mine i s barren 
of sulphide where i t cuts massive g r a n i t i c gneiss but 
contains molybdenite at i t s margins where i t cuts a mineralised 
quartz vein zone. Furtheimore the 03?e i s especially enriched 
i n the gneisses of the vein zone i n the v i c i n i t y of the 
pegmatite vein. 
The molybdenite mineralisation at the Kvina mine i s 
associated with a thick pegmatite lens enveloped by a layer 
of v e i n quartz. The whole conrplex i s flattened p a r a l l e l to the 
regional f o l i a t i o n . Ore i s part i c \ i l a r l y rich along the 
contact between the quartz and pegmatite and i n the surroixnding 
gneiss. Ore i n l i n e a r zones within the country gneiss i s also 
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enriched i n the v i c i n i t y of the pegmatite-quartz lens. 
.8) The mineralisation i n the Knaben 2 workings. 
I n the northern part of the mine and nearby opencast 
workings molybdenite with some chalcopyrite and pyrite i s 
impregnated i n a g2?ey-coloured phenoblastic gneiss of 
g r a n i t i c composition containing many t h i n quartz veins and 
lenses. This grey rock, termed ' gangfjell ' by Bugge, occurs 
as a lens within t y p i c a l pink phenoblastic g r a n i t i c gneiss. 
The lens i s some 80 metres thick at the surface but decreases 
I n depth u n t i l i t has disappeared at 124 metres below the 
surface. The gangf j e l l lens i s elongated i n the plane of 
the regional gnelssic f o l i a t i o n and also contains some 
r e l a t i v e l y thick ore-bearing quartz veins and many layers of 
granular leucogranite. Molybdenite i s often impregnated i n 
these rocks and partlcxilarly enriched along t h e i r boundaries. 
The leucogranite l a y e r s frequently contain quartz segregations 
orientated p a r a l l e l to the regional f o l i a t i o n of the surrounding 
gneisses. Thin envelopes of quartz which project into the 
gneiss as thin veins from where the leucogranite lens 
pinches out are often r i c h i n molybdenite. A tendency for the 
granular leucogranite layers to coalesce and Increase i n 
grain-size has been noticed i n the deeper l e v e l s of the mine 
workings. Close association between vein quartz and pegmatite 
with both sharp and gradational contacts has also been observed. 
At a t y p i c a l exposure feldspar c r y s t a l s appear at the edge of a 
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quartz v e i n and i n the space of a few metres these increase 
into a pegmatite. Molybdenite i s found at the contact with the 
surrounding gneisses of both the quartz and pegmatite sections 
of the vein. 
The impregnation gangf j e l l lens i s replaced i n the southern 
part of the mine by a system of molybdenite-bearing quartz veins 
within phenoblastic g r a n i t i c gneiss. Immediately adjacent to 
the veins the g r a n i t i c gneiss i s grey rather than pink, 
s i m i l a r i n appearance to the gangf j e l l rock. The quartz veins 
increase i n frequency i n depth to a network between 30 and 80 
metres broad with very variable molybdenite content. I n the 
deepest workings two sets of veins have been recognised, one 
type dipping between 10° and 20 degrees to the east and the 
other with steeper dip i n the same direction. Vokes ( personal 
communication ) has suggested that these veins are en echelon 
fracture f i l l i n g s connected with a deep crustal penetrative 
movement, 
,9) Discordant quartz chalcopyrite veins, 
A thick lensoid quartz vein with massive pyrite and 
.chalcopyrite has been worked to the east of the Kvina 
molybdenum mine. The sulphides also occur between s i l i c a t e 
grains i n adjacent basic gneiss, A further vein with 
chalcopyrite, pyrrhotite, a l i t t l e pyrite and molybdenite 
' occupies the healed north-east trending fault at Omehommen, 
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north of Khaben. The surrounding gneisses are enriched i n 
molybdenite compared with other points along t h e i r s t r i k e . 
The hydrothermal solutions from which these copper-bearing , 
veins were deposited were l o c a l l y able to remobilise the 
molybdenite. 
b)Sulphide textures and relationships. 
The textural features of a few polished specimens of 
ore minerals, p a r t i c u l a r l y from the Knaben, Kvina and 
Skjerlevatn areas,have been examined -under reflected l i g h t 
to provide evidence of the sequence of sulphide c r y s t a l l i s a t i o n 
and the environment of deposition. 
Pyrrhotite i s a r e l a t i v e l y l o c a l sulphide phase but 
where present i s invariably the oldest mineral. The 
pyrrhotite from a concordant quartz vein near the Kvina 
mine i s ovoid i n section with the long axes of the grains 
p a r a l l e l to the f o l i a t i o n strike i n the surrounding recks. 
A t h i n p a r t i a l rim of chalcopyrite envelops some of these 
grains and a further rim of subhedral pyrite grains covers 
t h i s . I n other occurrences the intermediate chalcopyrite 
l a y e r i s absent. Molybdenite grains are seldom found i n 
contact with the other sulphides but a specimen of mineralised 
gneiss frem the v i c i n i t y of the Kvina mine contains undeformed 
molybdenite within a mass of chalcopyrite. The same specimen 
also contains a few i n t e r s t i t i a l grains of copper sulphide 
between a sheaf of molybdenite plates. Pyrrhotite and 
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molybdenite have never been observed i n contact. A few 
marcasite grains sometimes occur at the edge of pyrite masses 
and c o v e l l l t e may mantle chalcopyrite grains i n a few specimens. 
A general sequence of sulphide phase c i y s t a l l i s a t i o n 
can be deduced from textural evidence i n the gneissic rocks. 
This sequence i n order of c r y s t a l l i s a t i o n I s :-
a) pyrrhotite, b) molybdenite, c) chalcopyrite, d) pyrite 
e) marcasite and f ) c o v e l l i t e . Heler ( 1955) concluded on 
the other hand that the sequence of sulphide deposition at the 
0rsdalen tizngsten deposit was a) molybdenite and wolframite, 
b) p y r i t e , c) pyrrhotite and d) scheelite. 
I n some of the gneisses of the Kvina mine area there 
are intergrowths of chalcopyrite and magnetite that can be 
interpreted as resulting from the simultaneous growth of 
the two minerals, possibly after pre-existing pyxrhotite. 
P y r i t e and magnetite occur i n close association elsewhere i n 
the Knaben area but t h e i r interrelationships could equally 
well be explained i n terms of separate c r y s t a l l i s a t i o n phases. 
Some evidence of the temperature of c r y s t a l l i s a t i o n of 
the sulphide phases i s provided by the frequent presence of 
small I r r e g u l a r Inclusions of sphalerite containing blebs 
of exsolved chalcopyrite i n several large chalcopyrite grains. 
The s o l i d solution of sphalerite i n chalcopyrite i s s t r i c t l y 
l imited and estimates by Edwards ( 1954 ) place the temperatui^e 
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of unmixing at about 550°C. The exsolved sphalerite i t s e l f 
contained appreciable copper i n solution which was subsequently 
exsolved on further cooling. Wo discrete sphalerite grains 
t 
have been observed w i t h i n the mineralised rocks.' The fact 
can be e3q)lained e i t h e r by the low zinc content of the mineral-
i s i n g solutions or by the u n s u i t a b i l i t y of the pjiysical and 
chemical environment f o r the p r e c i p i t a t i o n of a zinc phase. 
c) Regional setting and o r i g i n of the sulphide mineralisation. 
A si g n i f i c a n t feature of the regional d i s t r i b u t i o n of 
the molybdenite mineralisation i s the tendency f o r the 
sulphide to be confined to zones p a r a l l e l to the regional 
f o l i a t i o n . Though the immediate host rock of the mineral-
i s a t i o n varies from amphibolite to phenoblastic g r a n i t i c gneiss, 
a l l the ore zones l i e w i t h i n or adjacent to heterogeneous 
gneiss horizons. According to Bugge ( 1963 ) similar c r i t e r i a 
apply to the other matin molybdenite l o c a l i t i e s of south-west 
Norway. The stratigraphical s i t e of the mineralised horizons 
varies from the Peda augen gneiss up the sequence to the 
Oddevassheii gneiss. Feldspathic gneisses within the four 
main basic layered gneiss units are the most favourable sites 
however. 
Three possible" controls can be advanced to explain the 
d i s t r i b u t i o n of mineralisation. Sulphide occurrences may be 
related to the proximity of igneous intrusions i n depth. 
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Molybdenite does occur i n the Oddevassheii gneiss adjacent to 
the Ljosland int r u s i o n but the amount of ore i s small. 
Here the sulphide i s associated with d i o r i t e pegmatite veins 
that have probably been sweated out of the basic gneiss. 
No appreciable sulphide has been observed i n other parts of 
the contact aureole or associated with the other intrusions. 
Bugge ( op. c i t . ) mentions that molybdenite i s impregnated 
i n an anorthosite dyke offshoot of the large Sokndal intrusion 
at Grullvann, to the south-west of Sirdalsvatn. There i s 
therefore l i t t l e evidence f o r a primary association between 
the sulphide mineralisation and any of the intrusions exposed 
at the surface. 
There i s some evidence of a structural control to the 
mineralisation though there are no obvious f a u l t s or other 
planes of weakness that could have served as conduits f o r 
ascending mineralising solutions except f o r the gneissic 
r 
layering. The r a f t s of layered gneiss with f l a s e r texture 
w i t h i n the phenoblastic g r a n i t i c gneiss i n the Knaben area 
suggest a period of r e l a t i v e l y high stress before the f i n a l 
r e c r y s t a l l i s a t i o n of the gneiss. Other evidence that the 
Knaben area may be located over a deep fracture or weakness 
comes from the en-echelon form of quartz veins i n the lower 
part of the Khaben 2 workings. A regional feature of the 
mineralisation i s the parallelism of -^ he st r i k e of the 
gneissic layering w i t h i n the areas of;richest mineralisation. 
This d i r e c t i o n of s t r i k e , trending a few degrees to the east of 
north, i s prevalent i n the Knaben area, from L i n d e f j e l l to 
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Netland i n the Kvina valley and from Skibeli to Avedal on the 
east side of Sirdalsvatn. •• Where .the regional strike swings 
away from t h i s d i r e c t i o n the mineralisation dissappears or i s 
much reduced. Significant molybdenum mineralisation 
reappears i n the Kvina valley south of the area investigated 
by the present author where the s t r i k e again swings to just 
east of north. The upward movement of mineralising solution 
w a s f a c i l i t a t e d where the direction of s t r i k e of the gneissic • 
layering i s coincidental with a deep basement fractxire pattern. 
The tendency f o r molybdenite enrichments within the 
north-south zones adjacent to lo c a l north-east-trending 
flexures has been observed i n the Khaben area. These features 
can be explained i f the mineralisation i s contemporaneous 
with the F 4 deformation phase or was p a r t i a l l y remobilised 
on a small scale during t h i s episode. Favourable sites f o r 
the c r y s t a l l i s a t i o n of material from the mineralising solutions 
develop i n the hinges of small folds as a result of the release 
of s t r a i n by p l a s t i c deformation. 
The apparent l i t h o s t r a t i g r a p h i c a l control of much of 
the. mineralisation can be interpreted i n teuns of a lo c a l 
o r i g i n of the metals as has been suggested by Borchert ( 1961 ) 
with subsequent mobilisation and redeposition with quartz and 
feldspathic veins and sheets. Sedimentary enrichments of 
metallic elements including molybdenum and copper are frequent 
i n black organic-rich sulphidic shales. The r e l a t i v e l y simple 
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trace element chemistry of the mineralised gneisses, i l l u s t r a t e d 
i n table 5» does not compare closely with these rocks however, 
but resembles deposits of undoubted epigenetic o r i g i n . 
The location of the molybdenite deposits was nevertheless 
probably greatly influenced by the presence of s\ilphide-rich 
fahlband horizons w i t h i n the layered feldspathic gneisses. 
According to the s t a b i l i t y diagrams i n the ir o n , sulphur, ojfygen 
system, of Holland ( 1959 ) an increase i n the oxygen fugacity 
can bring about the decomposition of pyxrhotite into magnetite. 
Assuming the fahlband sulphide a f t e r high-grade metamorphism 
to be mostly pyrrhotite.the upward-percolating hydrous mineralising 
solutions could cause the oxygen fugacity to r i s e s u f f i c i e n t l y 
f o r the decomposition of the sulphide with the release of sulphur. 
This sulphur would then cause the pi^ecipitation of sulphides 
of any metals carried as complex ions,like the silicomolybdate 
complex,in the hydrous solutions i f the s t a b i l i t y f i e l d s of the 
sulphides extended to higher oxidation levels than that of iron. 
Thus copper and molybdenum sulphides would be produced by 
reactions of the form of :-
6 FeS + 3Cu + 40 = SCuPeS^ + Fe^O^ ( 1 ) 
6 PeS + 3Mo + 80 = 3M0S2 + 2Fe^0^ ( 2 ) 
The t e x t u r a l evidence of sulphide phase interrelationships 
i s compatible with the operation of the above reactions. 
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Similar arguments have been used by Maclean ( 1969 ) to explain 
the separation of sulphide from c r y s t a l l i s i n g magma. Pyrite 
would then c r y s t a l l i s e as temperature and oxygen fugacity 
decreased. Gammon ( 1966 ) records that both the Kongsberg 
s i l v e r deposits and the Modum cobalt mineralisation show close 
association with older fahlband zones i n the PreCambrian 
Kongsberg-Bamble formation. The silver-bearing veins are 
thought to be of Permian age while the age of the cobalt 
mineralisation i s uncertain. 
L i t t l e can be deduced about the nature of the mineralising 
solutions as the a l t e r a t i o n of adjacent s i l i c a t e rocks i s 
s l i ^ t . The only si g n i f i c a n t difference between the impregnated 
gangf j e l l rock and the adjacent g r a n i t i c gneiss i s that the 
coloxir of the potassium feldspar megaciysts i n the former are 
grey i n colour rather than pink. Large clinopyroxene grains 
w i t h i n the basic gneiss adjacent to mineralised rocks at 
Ivedal are altered to hornblende and c a l c i t e , the reaction 
possibly having occurred when the rocks were invaded by the 
mineralising solutions. 
An interesting feature of many of the molybdenite deposits 
i s the close association of the sulphides, often w i t h i n a 
small volume of rock, with quartz veins, pegmatite and granular 
leucogranite. Krauskopf ( 196? ), i n a review of the 
relationships of mineralising solutions with the end stage 
products of magmatism, comments on the scarcity of sulphides 
associated with pegmatites and the " absence, or at least great 
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scarcity of observed transitions between pegmatites and quartz-
sulphide veins Jahns and Buiham ( 1957 ) suggest that a 
quartz, a l k a l i feldspar melt, s l i g l i t l y undersaturated with 
water, can cxystallise as an early a p l i t e phase followed after 
the ' second boil'.lng ^ by a pegmatite phase. Quartz-sulphide 
veins must have c r y s t a l l i s e d from solutions with considerably 
more water, a solution of s i l i c a i n water rather than a s i l i c a t e 
melt saturated with water. The separation of a water-rich 
phase from the end stages of a c r y s t a l l i s i n g magma,as the 
water content of the residual l i q u i d increases, i s qtiite feasible. 
The majority of f i e l d evidence would suggest that i f a 
water-rich and a water-poor phase were formed at the end of 
magmatic c r y s t a l l i s a t i o n , there i s a great tendency f o r them 
to separate because of the much greater mobility of the 
hydrous phase.' The closeness of the association of the 
three phases i n the Knaben area therefore points to a local 
o r i g i n of the s i l i c a t e - r i c h phases. 
I n view of the absence of nearby magmatic rocks, i t i s 
concluded that the s i l i c a t e - r i c h phases were produced by the 
p a r t i a l melting of the surrounding gneissic rocks. P a r t i a l 
metling of high grade gneissic rocks i s impossible a f t e r the 
climax of metamorphism vuxLess water i s supplied from outside 
the system. I t i s possible that the ascending siliceous 
mineralising solutions provided water f o r the local remelting 
of the gneisses through which they passed so producing 
pegmatite and granular leucogranite intimately associated with 
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the quartz sulphide veins i f the rocks were s t i l l at a high 
temperature. San Miguel ( 1969 ) i s of the opinion that a p l i t e 
or granular leucogranite can be formed by the cataclasis and 
microgranulation of g r a n i t i c rock under d i f f e r e n t i a l tectonic 
movements. Pegmatite can then be produced by sjrakinematic or 
postkinematic r e c r y s t a l l i s a t i o n and feldspathization. 
Assuming that the Khaben granular leucogranite layers were 
formed i n t h i s way, the invading hydro thermal solutions could 
cause pajrbial r e c r y s t a l l i s a t i o n and mobilisation of these 
rocks to produce pegmatite associated with the quartz veins. 
The molybdenite mineralisation i s considered to have 
originated fixjm siliceous hydrothermal mineralising solutions, 
formed i n depth, which ascended through the gneisses 
p a r t i c u l a r l y where the direction of,-the gneissic layering 
coincided with that of the basement;;fracture pattern. . Deposition 
of molybdenite often occur3?ed i n the v i c i n i t y of pirexisting 
fahlband sulphide. 
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10. THE CHEfflSTHf AND ORIGIIT OF THE GRANITIC GNEISSES. 
Major element analyses of metamorphic gr a n i t i c rocks are 
shown i n tables 6 to 11. Normative quartz, a l b i t e , orthoclase 
and a l b i t e , orthoclase, anorthite contents of these rocks are 
plot t e d i n figure l 6 . On the quartz, a l b i t e , orthoclase 
diagram v i r t u a l l y a l l the i?ocks p l o t w i t h i n the f i e l d occupied 
by 535^  of 1190 g r a n i t i c rocks examined by Winkler and 
von Platen ( I96l ) . 
The majority of the Kvinesdal gneiss i s a leucocratic 
g r a n i t i c rock r e l a t i v e l y r i c h both i n sodium and potassium 
as shown i n figure 17. Heterogeneities are represented by 
f a i n t layering into pink and grey components and diffuse 
b i o t i t e schlieifin. These features are consistent with the 
development of a n e b u l i t i c migmatite during high-grade 
metaraorphism from a sedimentary sequence r i c h i n feldspathic 
greywacke by a process of almost complete homogenisation. 
Mehnert ( 1968 ) argues that i n viev; of the gr a n i t i c nature 
of the early PreCambrian crust, feldspathic sediments were 
probably common on the flanks of the early continents. The 
same author also favours the formation of granitic plutonic 
migmatites by homogenisation involving the r e d i s t r i b u t i o n 
of alkalies rather than external addition of material. 
The granular leucogranite horizons within the Kvinesdal 
gneiss are more siliceous and depleted i n the ferromagnesian 
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A L B I T E 
O R T H O C L A S E 
A N O R T H I T E 
Normative mineral contents of gr a n i t i c gneisses. 
The f i e l d s of Mfo & of. I I 9 0 g r a n i t i c rocks from 
V/inkler and von Platen ( 1961 ) are also shovm. 
Figure 16. 
4.Q 
V/t. io 1^3.^ 
Sodium and potassium contents of m i c r o g r a n i t e • , 
g r a n u l a r l e u c o g r a n i t e s • , Kvinesdal gneiss O , 
P j o t l a n d g r a n i t e A , Tonstad gneiss • , i?Jie 
gneiss ,X' , and g r a n i t i c rocks of L e r v i g gneiss V 
Figure 17. 
elements than the g r a n i t i c gneisses i n which they occur. 
Inspection of figure 17 reveals that the majority of the 
granular leucogranites are poorer i n sodium and s l i g h t l y 
r i c h e r i n potassium than typ i c a l Kvinesdal gneiss specimens. 
These characteristics are features of other neosomal rocks 
i n migmatite complexes,eg. the Finnish migmatites described 
by HMrme ( 1965 ). I n view of the small proportion of these 
rocks i n the Kvinesdal gneiss, t h e i r derivation from the 
g r a n i t i c gneiss at a r e l a t i v e l y l a t e stage of the metamorphic 
episode under l o c a l l y increased water a c t i v i t y i s feasible. 
A s l i g h t l y lower s i l i c o n content and corresponding 
higher i r o n , magnesium and calcium contents serve to 
distinguish chemically the xodks of the 0ie gneiss from those 
of the Kvinesdal gneiss. I n figure 17 rocks from t h i s u n i t 
plot w i t h i n the Kvinesdal gneiss f i e l d , the granular 
leucogranite f i e l d and also i n the r e l a t i v e l y potassium-
depleted, sodixffii-enriched f i e l d occupied by the specimens 
of Pjotland granite. The chemical analyses of the Me gneiss 
specimens i l l u s t r a t e the more heterogeneous and basic 
character of the u n i t compared with the Kvinesdal gneiss. 
The gr a n i t i c rocks of the Tonstad gneiss can be divided 
i n t o layered and more massive v a r i e t i e s . The layered rocks 
are s i g n i f i c a n t l y poorer i n potassium than- the majority of 
both the Kvinesdal and 0ie gneiss specimens. The homogeneous 
g r a n i t i c rocks are similar i n composition to petixjgraphically 
104. 
s i m i l a r rocks i n the Kvinesdal and 0ie gneisses. Specimens 
768p and 768d represent adjacent paler and darker layers 
respectively. The darker layer i s s i g n i f i c a n t l y richer i n 
i r o n , magnesium, calcium, potassium and titanium than the paler 
layer and correspondingly poorer i n s i l i c o n and sodium. This 
i s expressed i n a much greater content of i r o n oxide and to 
a lesser extent of b i o t i t e i n the darker layer, together with 
more calcic plagioclase. Neosomal rock i n the Tonstad gneiss 
unlike the Kvinesdal gneiss i s mostly i n the form of layers 
of r e l a t i v e l y coarse-grained pink potassium feldspar-rich 
material and pegmatite layers and pods. The layered facies 
of the gneiss probably represents o r i g i n a l sedimentary 
compositional differences l i t t l e modified by subsequent 
met'amorphism. 
The analyses of three g r a n i t i c gneisses from w i t h i n 
the basic gneiss horizons, i n table 10, are similar to the 
layered rocks of the Tonstad gneiss and i n one case to the 
granular leucogranite or Kvinesdal gneiss. Specimen 115, 
of a g r a n i t i c layer w i t h i n the Lervig gneiss at Sandvatn, i s 
p a r t i c u l a r l y r i c h i n i r o n and magnesium compared with other 
g r a n i t i c rocks. 
The porphyritic gneissic granites are i n general 
s l i g h t l y less siliceous than the Kvinesdal gneiss. They 
are s i m i l a r i n sodium content but much poorer i n potassium. 
The more basic v a r i e t i e s , of which specimen 1l63 i s represent-
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ative, are much ric h e r i n magnesiiun and calcium,and hornblende-
bearing. Stratigraphically the porphyritic gneissic granites 
at Pjotland and the north Kvina valley are equivalent to the 
Lande and 0ie gneisses but compositionally there i s a closer 
correspondence to the layered g r a n i t i c rocks of the Tonstad 
gneiss. I n view of these considerations and the d i s t i n c t i v e 
potasslum-rich nature of the basic rocks within the Fjotland 
p o r p h y r i t i c gneissic granite, t h i s body may represent a cupola 
of basement Sirdalsvatn Series rock. Alternatively and more 
probably the Fjotland and p a r t i c i i l a r l y the upper Kvina valley 
p o r p h y r i t i c gneissic granites were formed by the r e d i s t r i b u t i o n 
of alkalies and the p a r t i a l homogenisation of the gneiss complex 
•by potassium feldspar blastesis. This process could have been 
i n i t i a t e d during the l a t e r stages of metamorphism by the local 
increase of water and oxygen fugacities as hydrous f l u i d 
migrated from depth. 
The microgranite dyke specimen from within the Flof j e l l 
gneisses to the east of Knaben i s considerable enriched 
i n potassium comparednwith the g r a n i t i c gneisses. These rocks 
are uncommon and of problematical o r i g i n . The specimen of the 
unfoliated granite body to the east of Knaben i s s l i g h t l y poorer 
i n potassium than the Kvinesdal gneiss and also less calcic. 
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11. THE CHEMISTRY AUD ORIGIN OF THE PEDA AUGM GNEISS. 
The study of the whole-rock chemistry of the Feda augen 
gneiss i s hampered by the extremely large quantity of t h i s 
coarse-grain rock required to obtain a representative sample. 
Only two samples of t h i s rock have therefore been analysed 
( see table 12 ). Of these, specimen 1246 i s representative 
, of the r e l a t i v e l y fine-grained marginal facies and specimen 
123a of the matrix of the coarsely phenoblastic rock. 
Compared with intermediate gneisses with similar s i l i c a 
contents from the Flekkefjord Series, specimen 1246 i s 
r e l a t i v e l y calcium r i c h . This i s expressed both i n the presence 
of normative and modal clinopyroxene i n addition to hornblende 
and b i o t i t e . HThen allowance i s made for the absence of 
potassium feldspar megacrysts i n specimen 123a, the chemistry 
of t h i s rock resembles that of the marginal variety except 
f o r a greater proportion of i r o n and p a r t i c u l a r l y magnesiiun. 
This composition gives r i s e to a greater hornblende content. 
The a l k a l i element contents of specimen 1246 are veiy similar 
to those of the porphyritic gneissic granite specimens i n 
table 11. 
The detailed f i e l d relationships wi t h i n the Peda augen 
gneiss outcrop ( see page 1,3 ) suggest that the rock originated 
from a pre-existing layered gneiss complex. This complex d i f f e r s 
from the Plekkefjord Series i n chemistry and p a r t i c u l a r l y i n 
the nature of the included basic rocks. Furthermore the 
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r e l i c t arrow head minor folds are r e s t r i c t e d to the Sirdalsvatn 
Series. These differences can be explained i f the Sirdalsvatn 
Series i s regarded as part of a basement complex which was 
caught up i n the orogeny which deformed and metamorphosed 
the Flekkef jord Series. During t h i s l a t e r orogeny the rocks 
of t h i s complex were subjected to an intense phase of potassium 
feldspar blastesis and homogenisation. The above processes 
would be f a c i l i t a t e d i f the o r i g i n a l basement rocks were 
more hydrous and oxidised than the overlying FLekkef jord 
Series as i s suggested by the chemistiy of the basic gneiss 
horizons withi n the Sirdalsvatn Series. I t i s unnecessary 
to invoke an external supply of potassium as r e d i s t r i b u t i o n 
of the element over r e l a t i v e l y short-distances between adjacent 
gneiss layers i s s u f f i c i e n t to explain the growth of a l k a l i 
feldspar megaciysts i n sites favoured by the local stress 
f i e l d . The number and size of the megacrysts varies 
considerably from layer to layer i n parts of the sequence 
which indicates that some sites were more favoured than others. 
Touret ( 1967 ) concludes that the augen gneiss of the 
Vegarsheii-Gjerstad region along the great breccia between 
the Telemaxk and Kongsberg-Bamble provinces,-developed by 
the replacement of a banded gneiss and amphibolite sequence. 
Smi'thson and Barth ( 1967 ) found small zones of augen gneiss 
inteAayered with other gneisses and large lenses up to 
two kilometres i n width p a r a l l e l to the margin of the Holum 
granite. They foimd f i e l d evidence that banded gneiss was 
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converted into augen gneiss i n the cores of mesoscopic folds. 
They consider that the Holxim granite i t s e l f developed by 
r e c r y s t a l l i s a t i o n from these augen gneisses. 
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12. THE CHEMISTBr OF THE INTERMEDIATE. BASIC AMD GARHET-BEAEING 
GmSSES. 
a) Biotite-hornblende gneisses with inteimediate s i l i c a contents. 
The chemical analyses of biotite-homblende gneisses 
with intermediate s i l i c a contents w i t h i n the Lervig and Lande 
gneisses, the Kvinesdal gneiss, the Pjotland granite and the 
Sirdalsvatn Series are shown i n tables 13) 14» 15 and l6 
respectively. I n table 13 specimen 820 i s representative 
of the feldspar-ricih gneiss horizons with accessory amphibole 
which form a minor part of the Lervig gneiss. The chemistry 
of the scattered intermediate gneiss layers within the Kvinesdal 
gneiss resembles that of rocks with similar s i l i c a contents i n 
the Lervig and Lande gneisses,except f o r s l i g h t l y greater 
sodium contents. Though two of the analysed gneisses from 
w i t h i n the Fjotland granite contain clinopyroxene i n addition 
to b i o t i t e and hornblende, they resemble chemically other 
intermediate gneisses from the ZLekkefjord Series, Specimen 
220, on the other hand, i s markedly dissimilar with proportion-
a l l y greater contents of magnesium and potassium. 
The hornblende-bearing intermediate gneisses from the 
Siidalsvatn Series i n table l6 can be divided chemically into 
three groups. Specimens 159 and 1040 are representative of one 
group, distinguished i n figure 18 from similar gneisses of the 
Hekkef j o i ^ Series by higher magnesium to i r o n r a t i o s . The 
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Figure 18. 
remainder of the analysed rocks of the Sirdalsvatn Series can 
be distinguished from other groups of intermediate and basic 
gneisses by t h e i r high potassium to sodium r a t i o s . Specimen 
1247* which forms the t h i r d group i s p a r t i c u l a r l y enriched i n 
both potassium and magnesium and contains clinopyroxene as 
a dominant phase. 
The above gneisses have also been plotted on the Niggli 
mg against c graph i n figure 19» a diagram used by Leake 
( 1964 ) to demonstrate differences between chemical trends 
i n igneous and sedimentary rock sequences, A trend similar to 
that shown by the Karroo dolerites,and considered by Leake 
(op. c i t , ) to t y p i f y igneous rocks, i s apparent, 
b) Biotite-clinopyroxene gneisses. 
Analyses of selected examples of t h i s rock type, 
occurring both w i t h i n the Siidalsvatn Series and adjacent 
to the Fjotland porphyritic granite are shown i n table 17» 
Two groups with high and low potassium to sodium and magnesium 
to i r o n r a t i o s respectively are apparent i n figure 18, The 
specimens from the environs of the Fjotland granite have potassium 
to sodium and magnesium to i r o n r a t i o s inteimediate between the 
two groups of Sirdalsvatn Series gneisses, A plot of the 
titanium to i r o n r a t i o against the manganese to i r o n r a t i o of 
a l l the analysed intermediate and basic gneisses i n figure 20 
reveals t h a t , l i k e the hornblende-bearing gneisses of the 
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Sirdalsvatn Series, the biotite-clinopyroxene gneisses are 
enriched i n titanium and depleted i n manganese compared with 
other rock groups. Other chemical characteristics of the 
biotite-clinopyroxene gneisses, p a r t i c u l a r l y of the Sirdalsvatn 
Series, are t h e i r r e l a t i v e enrichment i n phosphorous and barium 
compared with other rocks. 
c) Mphibolites. 
The composition of amphibolites and other hornblende-
r i c h basic gneisses from the Lervig gneiss, the Lande gneiss 
and the Knaben gneiss are shown i n tables 18, 19 and 20 
respectively. The range i n composition of the Lervig and 
Lande gneiss rocks i s very similar i n spite of a greater 
frequency of clinopyroxene i n the Lervig gneiss specimens. 
The basic rocks of the Khaben gneiss tend to be richer i n 
i r o n and magnesium and possibly phosporous and poorer i n 
s i l i c o n and calcium than the majority of the rocks i n 
either table 18 or ^ 9' Some of the Knaben gneiss rocks are 
also r e l a t i v e l y potassium ri c h and i n consequence b i o t i t e 
r i c h . The analysed basic gneisses of the Oddevassheii gneiss 
i n table 21, though p y r i b o l i t e s by v i r t u e of t h e i r proximity 
to the Ljosland i n t r u s i o n , show chemical resemblences to rocks 
of the Knaben gneiss. 
d) P y r i b o l i t e s . 
The major element analyses of seven pycibolites, from both 
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the Lervig and Lande gneisses, are shown i n table 22. With 
the exception of specimen 743 which represents a metamorphosed 
dyke rock, a l l the p y r i b o l i t e s are more siliceous than the 
amphibolites of the Lervig aiid Knaben gneisses. The range 
shown by most of the other elements i s wide and similar to that 
of the other basic rocks. The range of the magnesium to i r o n 
r a t i o s of the p y r i b o l i t e s i s s i g n i f i c a n t l y lower than that of 
the amphibolites. Furthermore figure 20 reveals that, with 
the exception of specimen I49b, the two-pyroxene gneisses are 
richer i n titanium and poorer i n manganese than the majority 
of amphibolites. The barium to potassium ratios and phosphorous 
contents of several p y r i b o l i t e s are also i n exces^f the 
amphibolites. 
e) Gametiferous gneisses. 
The analyses of six garnet-bearing rocks are shown i n 
table 23, The compositional range covered by these rocks 
i s extremely large. Specimens IO67 and IO63 are a garnet-
bearing leucogranite and a phenoblastic feldspathic gneiss 
of quartz monzonite composition with some garnet i n addition 
to b i o t i t e respectively. I n major element composition these 
rocks are very similar to other non-gametiferous g r a n i t i c 
rocks. The presence of garnet i s therefore indicative of an 
environment of lower oxygen and water fugacities during 
for 
c r y s t a l l i s a t i o n thany^the other g r a n i t i c gneisses. Specimens 
8l8d and 8l8e are two similar calcium-rich inteimediate 
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gneisses from the Lervig gneiss with a close chemical 
resemblance to the hornblende-bearing intemediate gneisses 
except f o r lower potassium contents. The garnet of these 
rocks also probably originated as a res u l t of low ambient 
oxygen and water fugacities. 
Specimen 6l5b and p a r t i c i i l a r l y specimen 511b> on the 
other hand, are both rocks with p e l i t i c a f f i n i t i e s . They are 
both r e l a t i v e l y aliaminous and have low magnesixrai to i r o n 
r a t i o s . Specimen 6l5b i s also depleted i n potassi-um and 
specimen 511b i n calcium. 
f ) Oxidation ratios of the intermediate and basic gneisses. 
The oxidation r a t i o of selected examples of the above 
rock types has been determined wet chemically as described 
i n the appendix and the results a2?e shown i n table 24. The 
majority of the gneisses from the 51ekkefjord Series have 
oxidation ratios between 38.0 and 42.0, whereas those from 
both the margins of the Pjotland granite and the Sirdalsvatn 
Series are much higher. The lowest oxidation r a t i o i s shown 
by the b i o t i t e garnet gneiss from the Lervig gneiss, specimen 
• 815> though two p y r i b o l i t e s from the Lande gneiss have only 
s l i g h t l y higher values. The two r e l a t i v e l y oxidised rocks 
from the Plekkefjord Series, specimens 551c and 24m are 
from the intensely migmatised Lervig gneiss i n the core of 
the Sandvatn antiform and from w i t h i n a great thickness of 
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g r a n i t i c gneiss respectively. The four specimens of basic 
gneiss layers within the Tonstad gneiss, specimens 133, 
832a, 835 and 1247.though exhibiting d i f f e r e n t para^neses, 
have very similar oxidation ratios which suggests a close 
o r i g i n a l environmental relationship. 
Caiinner ( 1960 ) concluded that the considerable 
v a r i a t i o n i n oxygen contents of the Glen Clova p e l i t i c 
gneisses was of premetamorphic o r i g i n and that during 
metamorphism the system was essentially closed to oxygen. 
The same conclusion can be applied to the majority of the 
gneisses considered i n t h i s present study. The rocks within 
and adjacent to the Fjotland granite may on the other hand 
have been oxidised as a result of interaction with the 
ascending hydrothermal solutions which f a c i l i t a t e d the 
r e c r y s t a l l i s a t i o n of the granite. 
g) Trace element chemistry. 
Analyses of the elements sulphur, chlorine, n i c k e l , copper, 
zinc, gallium, rubidium, strontium, yttrium, zirconium, 
cerium, lead and thorium i n intermediate and basic rocks 
of the Sirdalsvatn Series, the Lervig gneiss, the Lande 
gneiss and the Kvinesdal, Enaben and Oddevassheii gneisses are 
shown i n tables 25, 26, 27 and 28 respectively. 
Examination of the sulphur contents of the rocks reveals 
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that clinopyroxene amphibolites, with the exception of specimen 
207d,are r e l a t i v e l y depleted i n sulphur. Furthermore the 
rocks of the Sirdalsvatn exhibit as a group the greatest 
enrichment i n t h i s element. A moderate but significant 
c o r r e l a t i o n between sulphur and copper i s also apparent from 
the data. 
A significant but moderate correlation between chlorine 
and phosphorous exists, p a r t i c u l a r l y w i t h i n rocks of the 
Sirdalsvatn Series which can i ^ a d i l y be interpreted i n 
teuns of a significant chlorine content of apatite. L i t t l e 
c o r r e l a t i o n between the two elements i s evident within many of 
the ajmphibolites and p y r i b o l i t e s however, Chloride contamination 
of natural o r i g i n or introduced during samples preparation 
cannot be ruled out, even though care was exercised to collect 
fresh samples. 
Nickel shows a significant moderate correlation with 
magnesium and iron and i s generally enriched i n the most 
basic gneisses. The nickel content of the hornblende of 
specimen % which contains l i t t l e sulphide, b i o t i t e or oxide 
phases can be estimated as 200ppm, a value s l i g h t l y higher 
than the average of amphibolite facies hornblendes quoted by 
DeVore ( 1955 ) • 
Chalcopyrite has been recognised i n several of the analysed 
rocks, usually i n association with p y r i t e but only a moderate 
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correlation between the copper content of the rocks and the 
modal p y r i t e exists. L i t t l e correlation between copper and 
elements other than sulphur i s apparent. 
Zinc shows a moderate correlation with iron... There i s 
also a regular relationship between the zince to i r o n oxide 
r a t i o and the modal b i o t i t e content of several of the rocks 
as i l l u s t r a t e d i n f i g u r e 21. Three groups of rocks can be 
recognised on t h i s diagram, one consisting predominantly 
of b i o t i t e clinopyroxene gneisses, a second of amphibolites 
and b i o t i t e amphibolites and a t h i r d with the lowest gradient 
containing clinopyroxene amphibolites and amphibolites 
without oxide phases and two hornblende-bearing gneisses of 
the Sirdalsvatn Series. The zinc content of the hornblende of 
specimen 56 can be estimated as about 240ppm, an amount 
similar to the average zinc content of hornblendes from the 
granulite facies quoted by DeVore ( 1955 ) • 
Gallium shows a strong positive correlation with aluminium. 
Significant depletion i n gallium i s shown by the majority of the 
clinopyroxene amphibolites and by amphibolites from the 
Lande gneiss. 
Rubidium exhibits a strong positive correlation with potassium 
but compared with a l l other basic gneisses the rocks of the 
Khaben and Oddevassheii gneisses are a l l s i g n i f i c a n t l y 
enriched i n the element. The rubidium content of the b i o t i t e 
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of these rocks can be estimated at about I700ppm, i n contrast 
to a range of from I200ppm to 1400ppm f o r b i o t i t e s from other 
basic gneisses. The rubidium content of a l k a l i feldspar can be 
estimated from the rock analyses as about SOOppm, 
Strontium shows a significant moderate positive 
c o r r e l a t i o n with phosphorous,zirconium and barium and higher 
corre l a t i o n with cerium and lead. Relatively high s t r o n t i m 
contents i s a feature of the rocks of the Sirdalsvatn Series 
and to a lesser extent of the p y r i b o l i t e s . 
Yttrium shows significant moderate positive correlation 
with phosphorous, zirconium and cerium and rela t i v e enrichment 
i n rocks of the Sirdalsvatn Series and some py r i b o l i t e s . 
Zirconium contents of the analysed rocks display moderate 
positive correlation with phosphorous, strontium, yttrium, 
barium and lead and high positive correlation with cerium. 
The lowest amount of zirconium occurs i n clinopyroxene-bearing 
amphibolites and biotite-poor amphibolites. 
I n the analysed rocks cerium exhibits moderate positive 
c o r r e l a t i o n with phosphorous, yttrium and barium and high 
positive correlation with strontium, zirconium and lead.' The 
rocks of the Sirdalsvatn Series contain both the h i ^ e s t 
cerium contents and the greatest cerium to yttrium r a t i o s . 
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The lead content of the majority of analysed basic gneisses 
i s less than 25ppm. For the intermediate .gneisses there i s 
a strong positive correlation between lead contents and the 
modal potassium feldspar contents. The lead with i n a l k a l i 
feldspar can be computed as about I20ppm from t h i s relationship. 
Only three of the analysed ix)cks contains thorium i n 
excess of 6ppm. Of these, the rock with the highest content, 
I7ppm, also contains a r e l a t i v e l y large amount of cerium 
which suggests the presence of an appreciable quantity of 
thorium-bearing a l l a n i t e . 
Factor analysis with orthogonal rotation of factor axes 
was carried out f o r the 15 variables Mg/Pe, P, Ca/Pe, Ti/Pe, 
Jfo/Pe, Ni/Pe, Zn/Pe, Ga/al, Hb/K, Sr, Y, 2r, BaA> Ce and Pb 
on an I.B.M. 1130 computer with an 8K stone i n the 26 rocks 
f o r which trace element analyses were available. Ratios between 
minor and major elements showing s i g n i f i c a n t correlation 
were preferred to the absolute elemental concentrations i n 
order to reduce variations i n trace elements related 
p r i m a r i l y to the v a r i a t i o n of the major element f o r which 
they substitute i n the major mineral phases present. Pour 
factors with eigen values greater than 1.0 accountiiig .for 
81^ of the t o t a l varia,tion were indicated. The factor 
loadings of each variable i n the f i r s t two factors, accounting 
f o r 65?^  of the t o t a l v a r i a t i o n , are shown i n figure 22, 
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F a c t o r a n a l y s i s w i t h orthogonal r o t a t i o n of axes. 
Loadings f o r 15 element and r a t i o v a r i a b l e s i n I 
terms of f i r s t two f a c t o r s ( 1st f a c t o r v e r t i c a l a x i s ) . ', 
F i g u r e 22. 
The grouping of Pb, Sr, BaA> Ce, Zr and to a lesser 
extent Ti/Fe, P and - Mn/Pe about one factor axis i s manefest. 
The major contributent to th i s factor i s the difference i n 
composition between Sirdalsvatn Series rocks and those of 
the Flekkefjord Series. The Sirdalsvatn series rocks are 
t y p i f i e d by barium-rich a l k a l i feldspar and the re l a t i v e 
abundance of the accessory minerals, apatite, zircon and 
a l l a n i t e . These features vtiich are most developed i n the 
chemistry of the biotite-clinopyroxene gneisses are i n many 
respects similar to those of potassic volcanic rocks of 
continental areas, such as have been described by Carraichael 
( 1967 ) from Wyoming and by Coombs and Wilkinson ( 1969 ) 
from Otago, New Zealand. 
The variables Ca/Fe, Mg/FE, Ni/Pe and Ga/Al are closely 
grouped around the second factor axis. This factor i s 
interpreted as the resul t of the v a r i a t i o n i n composition 
w i t h i n the Plekkefjord Series towards the most basic 
gneisses, r i c h i n both hornblende and clinopyroxene and 
best developed w i t h i n the Lande Gneiss. 
The t h i r d factor comprises almost a l l the v a r i a t i o n of 
the variable Zn/Pe and hal f the v a r i a t i o n of Mn/Fe and on the 
basis of figure 21 i s probably related to the b i o t i t e content, 
p a r t i c u l a r l y of the gneisses without iron-titanium oxide 
phases. 
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The fourth factor comprises most of the v a r i a t i o n i n 
Hby^ C a n d ' l i t t l e else. The major contributant to t h i s factor . 
i s the high Rb/K r a t i o s shown by the basic gneisses of the 
Knaben and Oddevassheii gneisses. 
The chemical•study of the intennediate and basic gneisses 
of the area surveyed has revealed significant differences 
between rocks of the Sirdalsvatn Series and those of the 
ZLekkefjord Series. Geochemical evidence thus supports the 
st r u c t u r a l hypothesis of a fundamental discordance between the 
two gneiss series. The apparent geochemical differences between 
basic rocks of the Knaben and Oddevassheii gneisses and 
si m i l a r rocks of other parts of the KLekkef jord Series may 
also be useful as aids to correlation and structural i n t e r -
pretation of gneisses i n other sectors of the Telemark-
Rogaland Province. The above data also provides evidence 
of chemical differences between p y r i b o l i t e s and amphibolites 
with which they are associated. 
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13. MIUEBAL CHMISTIg. 
a) A l k a l i feldspar. 
38 small areas of a potassium feldspar megacryst from 
a specimen of the Feda augen gneiss were analysed f o r sodium 
and potassium by means of the electron microprobe ( see 
appendix ) , The spots were selected to cover the whole of the 
grain and were o p t i c a l l y clear and without v i s i b l e perthite. 
A few spots were also analysed f o r calcium and barium. 
The results of these determinations are shown i n table 29 
recalculated to molecular percentages. The results show a 
considerable spread, fixDm Or. 71?^  to Or. 845o f o r potassium, 
from Ab. 12?S to Ab. 27?$ f o r sodium, from An. 0.6?$ to An. 1.1?^ 
f o r calcium and from On. 1.7?^ to On. 2 ,5^ f o r barimn, A 
histogram of the d i s t r i b u t i o n of potassium contents i s shown 
i n f i g u r e 23. A tendency f o r the margins of the crystal 
to be poorer i n sodium than the centre was noticed though the 
v a r i a t i o n was by no means regular. 
Ohta ( 1969 ) has measured the optic axial angle at 
several hundred points with i n large potassium feldspar augen 
by means of the universal stage and concluded that the degree 
of ordering varied considerably from point to point. He 
regarded that t h i s inhomogeneity was a common feature i n 
augen gneisses and resulted from porphyroblastic growth by 
the coalescence of several granular crystals. As the optic 
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HISTOGRAM OF ALKALI FELDSPAR ANALYSES FROM AI3GEN 
GNEISS 123a 
Figure 23. 
axial angle i s both a function of the chemical composition 
and the structural state, some of the v a r i a t i o n measured by 
Ohta could be the resu l t of chemical inhomogeneity. 
Smithson ( 1962 ) i n an X-ray powder d i f f r a c t i o n study of 
Norwegian a l k a l i feldspars found that the feldspars of augen 
gneisses showed either low or very variable o b l i q u i t y and 
Touret ( 1967b ) foxind similar results f o r augen gneisses 
i n the Vegasheii-Gjerstad region. Twinning i s also a gross 
i n d i c a t i o n of differences i n degree of ordering. I n the 
feldspar megacryst analysed by the present author the twinning 
varies from the sharp g r i d i r o n type to a very f a i n t and 
diffuse v a r i e t y . I t can be concluded therefore that the 
potassium feldspar megacrysts of the Peda augen gneiss are 
markedly out of both structural and chemical equilibrium, 
35 matrix a l k a l i feldspar grains from the same specimen 
of Peda augen gneiss were also analysed with the electron 
microprobe. The results of these determinations are shown 
i n table 30. These also show a considerable spread, from 
Or 80?^  to Or. 92?^  f o r potassium, from Ab. 5^ to Ab. ^&fo f o r 
sodium, f3?om An. Q,&fo to An. 0.8^ f o r calcium and from 
Cn. 2.1?S to Cn. 2»jfo f o r barium. Figure 23 also shows a 
histogram of the d i s t r i b u t i o n of potassium contents f o r 
these grains. I t i s immediately evident that the mean 
potassium content of the matrix grains i s s i g n i f i c a n t l y 
greater than that of the megacryst. On the basis of the 
two feldspar geothermometer described by Barth ( 1956 ) and 
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developed i n a series of l a t e r papers (eg. Barth '. 1968 ) a 
difference i n temperature of formation of the megacryst and 
matrix grains i s implied. There i s considerable te x t u r a l 
evidence w i t h i n the Peda augen gneiss of mobility and 
r e d i s t r i b u t i o n of sodium during the cooling phase of the 
metamorphism. The occurrence of rims of dear a l b i t e around 
the plagioclase grains of the rock and the widespread 
development of myimekite along a l k a l i feldspar - plagioclase 
interfaces i s p a r t i c u l a r l y suggestive of post c r y s t a l l i s a t i o n 
sodium mobility. The leaching of sodium by supercritical 
water has been demonstrated experiment a l l y by Adams ( 1968 ) . 
The operation of such a process would explain the lower 
sodium content of the margins of the megacryst and by v i r t u e 
of the much larger surface area to volume r a t i o of the 
matrix grains, the tendency f o r these crystals to be poorer 
i n sodium than the megacrysts as a whole. The large 
v a r i a t i o n i n apparent temperature of c r y s t a l l i s a t i o n f o r 
the various components of the PreCambrian of Southern 
NoOTay obtained by Barth ( I956b ), using the two feldspar 
geotherraometer, could also be explained, at least i n part, i n 
teims of the size of the feldspar grains and hence t h e i r 
Insistence to subsequent leaching, Barth obtained the 
highest temperatures of formation i n augen gneisses, 
s l i g h t l y lower temperatiires f o r pegmatites and porphyritic 
d i a p i r granites, much lower temperatures f o r regional 
gneisses and even lower temperatures f o r aplites. 
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Several a l k a l i feldspar grains i n a further nine rocks 
were also analysed f o r sodium and potassixun.and i n a few 
cases f o r calcium and barium,using the electron micropix)be. 
The r e s u l t s of the analyses are shown i n table 31. The rocks 
analysed consisted of several intermediate hornblende-
bearing gneisses with vaiying proportions of modal potassium 
feldspar, biotite-clinopyroxene gneisses and a specimen of 
the Haddeland quartz monzonite intrusion. I n f i v e ofthe rocks 
a v a r i a t i o n i n a l k a l i feldspar composition comparable with 
that i n the Peda augen gneiss was obtained. I n two specimens 
of intermediate gneiss, both with r e l a t i v e l y low modal a l k a l i 
feldspar, and a biotite-clinopyroxene gneiss from the margins 
of the Pjotland granite the va r i a t i o n i n composition from 
grain to- grain was much less. A small vari a t i o n i n potassium 
feldspar composition was also found i n the retrograded 
piemontite, chlorite-bearing rock 52. The temperature at 
which t h i s 2X)ck c r y s t a l l i s e d was probably too low f o r any 
si g n i f i c a n t subsequent movement of sodium. I t i s evident from 
table 31 that the barium content of a l k a l i feldspar i n 
biotite-clinopyroxene gneiss from the Sirdalsvatn Series 
i s considerably higher than that of the Peda augen gneiss 
feldspars, though there i s unfortunately no corresponding data 
f o r PLekkefjord Series rocks with which further comparisons 
can be made. 
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b) Plagioclase. 
The major element electron probe analyses of seven 
plagioclases are shown i n table 32, The results of electron 
microprobe calcium analyses of a fu r t h e r 25 minerals i s 
shown i n table 33* The compositions range from 2 1 ^ by 
weight anorthite to 52?^  by weight anorthite. The plagioclases 
from a l k a l i feldspar-containing intermediate and basic gneisses 
have a r e s t r i c t e d compositional 3cange, from 2 1 ^ anorthite to 
24fo anorthite by weight. This implies that i n the presence 
. of a l k a l i feldspar the plagioclase composition i s independant 
of rock composition but probably related to external factors, 
of which the most important i s temperature. This i s the basis 
of the Barth ( l956a ) two feldspar geothermometer. I f the 
maximum sodium content of the a l k a l i feldspar megacrysts 
from the Feda augen gneiss, the crystals least affected by 
subsequent sodium leaching, and the composition of the 
coexisting plagioclase are compared with the calibrations 
given by Barth ( 1968 ) , a temperature of formation of 580°C 
i s "obtained. This temperature i s compatible with estimates 
from other data,eg, coexisting i r o n and titanium oxide 
compositions, Barth ( 1956b ) presents two analyses of a l k a l i 
feldspar and coexisting plagioclases from the Feda augen gneiss 
near Haughom. A temperatu3?e of formation of about 590°C can 
be deduced from these compositions using the la t e s t calibration. 
For the b i o t i t e clinopyroxene gneiss 832b from the Sirdalsvatn 
Series a c r y s t a l l i s a t i o n temperature of 6lO°C i s suggested from 
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the maximum sodium content of the a l k a l i feldspar and the albite 
content of the coexisting plagioclase. I n the other rocks 
where a l k a l i feldspar compositions have been determined the 
temperatures obtained using the two feldspar geothemometer 
are much lower as a result of r e d i s t r i b u t i o n of sodium while 
the rocks were cooling, 
c) B i o t i t e . 
The analyses of 39 b i o t i t e s determined by means of the 
electron microprobe, as described i n the appendix, together 
with t h e i r recalculations with respect to 22 oxygen atoms 
are shown i n table 34* The majority of these compositions 
are r i c h e r i n s i l i c o n and poorer i n aluminium than most of 
the classical analyses of metamorphic b i o t i t e s quoted by 
Deer, Howie and Zussman ( 1962 ). Nine of the present b i o t i t e 
analyses recalculate with i n s u f f i c i e n t s i l i c o n and aluminium 
to f i l l the z s i t e . I t i s undoubtedly significant that the 
two minerals with the lowest z s i t e t o t a l s are from the 
highest temperature environment of metamorphism, i n the 
contact aureole of the Ljosland i n t r u s i o n . The two b i o t i t e s 
which coexist with garnet, specimens 8l8d and 8l8e, are 
s i g n i f i c a n t l y richer i n aluminium than a l l the other analysed 
minerals. 
The y s i t e t o t a l s of the b i o t i t e s range from 5*50 to 6.00 
atoms per formula u n i t and the x s i t e t o t a l s from 1.71 to 1.88 
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atoms per formula u n i t . A plot of the number of titanium 
atoms per b i o t i t e u n i t against the negative charge balance 
calculated from the ideal phlogopite-annite formula i s shown 
i n f i g u r e 24, A close approach to l i n e a r i t y i s apparent, 
p a r t i c u l a r l y when vacencies i n the z s i t e are also included 
i n the charge balance assessment where appropriate. Extra 
positive charge due to the presence of f e r r i c i r o n would 
cause the b i o t i t e s to p l o t to the r i g h t of the l i n e with gradient 
0 , 5 . As there i s a close approach to t h i s line,except f o r the 
specimen with the lowest titanium content, i t i s concluded 
that the f e r r i c content of the rest of the b i o t i t e s i s constant 
and allowing f o r any bias i n the analytical results, probably 
small. The most i r o n - r i c h b i o t i t e s must therefore have the 
lowest f e r r i c i r o n to ferrous i r o n r a t i o s . Furthermore the 
titanium content i s inversely related to the f e r r i c to ferrous 
r a t i o of the b i o t i t e s by v i r t u e of the .. j . correlation 
between t o t a l i r o n and titanium shown by the analyses, Dahl 
( 1970 ) has explained a correlation between the titanium 
content and a comparable valency balance to that used by 
the present author,in metamorphic b i o t i t e s from the Swedish 
PreCambrian,,in terms of a tendency f o r the size of the octahedral 
layer to remain constant. Thus an increase i n the ivon 
content of a b i o t i t e tends to expand the octahedral layer 
and t h i s can be counted by the introduction of more titanium 
and alximinium with the simultaneous creation of vacancies. 
The colour of the b i o t i t e s that have been analysed i n 
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the present study are at lea s t i n part related to the 
titanium content. The minerals with the highest titanium 
contents are a d i s t i n c t i v e deep brown-red colour while those 
with l e s s of t h i s element are various shades of deep brown 
and chestnut brown. 
d) Hornblende, 
The electron microprobe analyses of 31 hornblendes 
together with t h e i r recalculations with respect to 23 oxygen 
atoms are shown i n table 35* The y - s i t e t o t a l s range from 
4.98 to 5.34 atoms per formula unit, a deviation from the 
id e a l from the ide a l f i v e atoms per formula unit, which 
according to P h i l l i p s ( 1963 ),suggests some ana l y t i c a l 
error. Many chemical analyses of amphiboles show s i m i l a r or 
even greater deviations from t h i s ideal and have been 
accepted by Shido ( 1958 ) as indicative of a cummingtonite 
substitution i n iBtoich magnesium enters the x s i t e i n place 
of calcium. I n figure 25 the hornblendes are plotted on a 
diagram of Deer, Howie and Zussman ( 1963 ) of aluminium i n 
the tetrahedral s i t e against the t o t a l sodium and potassium 
contents. The minerals occupy a position between the point 
a r b i t r a r i l y termed hornblende and the pargasite-ferrohastingsite 
end-member i n common with many other metamorphic hornblendes. 
The tetrahedral aluminium contents range from 1.19 to 1,60 
per formula unit and the total a l k a l i content from 0,49 to 
0.82 per formula u n i t . The hornblende from the metamorphosed 
129. 
T.schermakite 
1.6h 
1.4 
i.2h 
[AI]^I.O-
Pargasite 
0.8F 
0.6^ 
0.4h 
0.2h 
.Tremolite, 
Edcnite 
0.2 0.4 0.6 0.8 
(Na + K) atoms 
1.0 1.2 1.4 
V a r i a t i o n i n composition of i S i r d a l - A s e r a l amphiboles 
( diagram a f t e r Deer,Howie and Zussman,1962) 
Fiqure 25. 
basic dyke specimen 114q i s s i g n i f i c a n t l y poorer i n alkalies 
than the rest of the minerals. 
The chemical complexity of amphiboles makes t h e i r 
c l a s s i f i c a t i o n and comparison d i f f i c u l t . Simple graphical 
analysis of selected components has been used by Deer, 
Howie and Zussman ( op, c i t . )min comparative compositional 
studies, P h i l l i p s ( 1965 ) has extended t h i s approach into 
three dimensions and on his c l a s s i f i c a t i o n the majority of 
the present hornblendes would l i e i n the f i e l d of edenite 
sensu extenso, Shido ( 1958 ) developed the work of 
Hallimond ( 1943 ) and Sundius ( l956 ) and proposed the 
recalculation of calciferous amphibole compositions i n 
terms of eight end members, some of which are a r b i t r a r i l y 
defined, by means of computations resembling norm calculations. 
This method of approach has been fur t h e r pursued by Perry 
( 1968 ) using computer techniques. He attempted to explain 
the v a r i a t i o n of some 200 well analysed amphiboles and found 
that even 19 end-members, chosen on the basis of possible 
atomic substitutions, adequately define only 25^ of the 
amphiboles considered,-
I n spite of the obvious inadequg,cies of graphical 
representation of such complex minerals, some informative 
relationshJ.ps can be demonstrated, A pl o t of the a l k a l i 
content against the titanium content of the north-west 
Adirondack hornblendes, studied by Engel and Engel ( l962a ), 
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i n Leake ( 1965 ) distinguishes between the amphibolite and 
granulite grade minerals. The present hornblende compositions 
are superimposed on t h i s diagram i n figure 26. The Norwegian 
minerals occupy a f i e l d between the two Mirondack groups 
but show a considerable spread at r i g h t angles to the 
•Adirondack trend. This indicates that the composition of 
the present amphiboles i s influenced by factors i n addition 
to temperature. A pl o t of tetrahedral aluminium against 
octahedral alxminium i n hornblendes i s also informative but, 
as pointed out by Leake ( 1965b ), i s also r e l a t i v e l y 
sensitive to analytical error. Kostyuk and Sobolev (l969 ) 
have used t h i s diagram i n order s t a t i s t i c a l l y to separate 
paragenetic types of hornblendes. The granulite facies 
minerals are distinguished from those formed withi n the 
amphibolite facies by v i r t u e of t h e i r higher tetrahedral 
aluminium content. They recognise a furt h e r group of horn-
blendes which coexist with orthopyroxene that are much closer 
to amphibolite facies composition however. None of the 
present hornblendes have aluminium contents comparable with 
the granulite facies f i e l d of Kostyuk and Sobolev. They plot 
w i t h i n or near to the amphibolite facies range but with r e l a t i v e l y 
low octahedral aluminium. This may r e f l e c t the,different 
a n a l y t i c a l techniques used by the author and the Russian 
workers. 
A pl o t of the titanium content against the negative 
charge balance calculated with respect to the ideal tremolite-
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a c t i n o l i t e formula i s shown i n figure 27. As i n the case of 
the analysed b i o t i t e s , the majority of the minerals f a l l close 
to the l i n e with gradient 0.5 but a fev/ minerals show 
s i g n i f i c a n t l y greater negative charge balances. The f e r r i c 
content of these amphiboles must therefore be appreciably 
greater than those that plot close to the l i n e i n figure 27. 
The relationships are therefore more complex than i n the 
b i o t i t e s though f o r the majority the f e r r i c content must be 
r e l a t i v e l y constant. 
The colour of hornblendes has been used by Shido ( 1958 ) 
and Shido and Iliyashiro ( 1959 ) as a general indication of 
metamorphic grade. The hornblendes from the present area 
exhibit a range of colours from green with a blue-green 
"component to bixjwn with a green component though there i s 
evidence to suppose that the maximum temperature was roughly 
constant diu?ing metamorphism over the whole region. Brownish 
and green hornblendes occur i n rocks separated by only a 
few metres i n the Lervig and Lande gneisses. There does 
appear to be some correlation between colour and titanium 
content,as those minerals with the least amount of t h i s 
element a l l have a blue-green component and those with the 
highest titanium contents are d i s t i n c t l y brown. 
e) Clinopyroxene. 
The electron micixjprobe analyses of f i f t e e n 
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clinopyroxenes .together with t h e i r recalculations with 
respect to six oxygen atoms,are shown i n table 36. Following 
the nomenclature of Poldervaart and Hess ( 1951 ),only three 
of the minerals belong to the diopside-hedenbergite series. 
The others have j u s t i n s u f f i c i e n t oalcium contents and 
therefore f a l l i nto the augite-ferroaugite f i e l d . Shido 
( 1958 ) found an increase i n the magnesium plus i r o n to 
calcium r a t i o with inceasing grade of metamorphism i n the 
Abukuma plateau, Japan. I t i s therefore probably significant 
that the clinopyroxene with the lowest calcium content, 
specimen 359d, i s from the contact aureole of the Ljosland 
i n t i u s i o n . Among the analysed regional clinopyxoxenes there 
i s a tendency f o r those coexisting with orthopyroxene to be 
less calcic than those coexisting with b i o t i t e alone. The 
magnesium-rich clinopyroxenes from the biotite-clinopyroxene 
gneisses with r e l a t i v e l y high rock oxidation ratios are 
also richest i n sodium. This relationship can be inteirpreted 
i n terms of increased aegirine substitution at greater 
oxygen fugacity. 
f ) Orthopyroxene, 
The election microprobe analyses of nine orthopyroxenes 
and t h e i r recalculations with respect to six oxygen atoms 
are shown i n table 37. A l l the minerals can be c l a s s i f i e d 
as ferrohypersthenes,with the exception of specimen 2000 
which i s a hypersthene. Although the calcium contents of the 
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minerals axe roughly constant, the aluminium contents of the 
three minerals from the contact aureoles of the monzonite 
intrusions, specimens 145, 359<i and 2000, are s i g n i f i c a n t l y 
higher than those of the regionally metamorphosed minerals. 
This may r e f l e c t a higher temperature environment i n the 
contact aureoles,as suggested by the experimental work of 
Boyd and England ( 1960 ) . 
g) Other s i l i c a t e s . 
The analyses of eight sphenes and t h e i r recalculations 
with respect to l9i- oxygen atoms are shown i n table 38. The 
sphene from the Haddeland intrusion, specimen 306c, i s 
noticeably richer i n aluminium than the minerals from the 
gneissic rocks. As the rare earths and other minor elements 
have not been determined,-it i s impossible to evaluate 
the significance of variations i n i r o n and aliominium contents 
of the sphenes from the regionally metamorphosed rocks i n 
terms of environmental f a c t o i s . 
The electron microprobe analysis of one garnet together 
with i t s recalculation with respect to 24 oxygen atoms i s 
shown i n table 3. No trace of compositional zoning was found 
i n t h i s mineral af t e r several electron microprobe scans. 
The garnet composition can also be recalculated into end-
member percentages of ^ 0,C^o by weight almandine, 21.09$ 
pyrope, 5.25^ grossularite and 3.8?$ spessartine, proportions 
t y p i c a l of high-grade metamorphic minerals, 
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h) Oxide minerals. 
The detennination of the o r i g i n a l composition of many 
of the oxide minerals by means of the electron micropix»be 
i s frequently impossible because of widespread unmixing 
during the waning stages of metamorphism. Where hematite 
occurs i n the form of coarse and i r r e g u l a r growths withi n 
the ilmenite host,bulk separation and analysis would also 
be d i f f i c u l t . The occurrence of sphene rims round- magnetite 
or ilmenite also precludes the accurate determination of 
the o r i g i n a l oxide- composition. Nevertheless the i r o n • 
and titanium contents of 8 ilmenites were determined 
semiquantitatively with reference to fused titanium dioxide 
and f e r r i c oxide standards respectively. The ilmenites 
chosen f o r analysis showed either no or regular fine-grain 
hematite exsolution. The titaniiim content of the coexisting 
magnetite was also deteimined i n 6 of the rocks. The analyses 
are included i n table 39* 
The titanium content of 5 of the analysed magnetites 
i s very small, equivalent to only ^'fo of the ulvospinel 
molecule. According to Buddington and Lindsley ( 1964 )» 
an estimate of the temperature and the oxygen fugacity which 
prevailed during c r y s t a l l i s a t i o n can be made from the 
chemical com|)osition of the coexisting maignetite and ilmenite. 
Eeference to figure 5 i n t h i s work shows that the l i k e l y 
temperiatures indicated from the present magnetite analyses 
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are much lower than would be expected from other evidence. 
This apparent discrepency can be explained by the exsolution 
of ujlivospinel diiring cooling,which then either recrystallised 
as discrete layers of ilmenite wi t h i n the ma^etite host or 
reacted to produce a rim of sphene. The magnetite compositions 
therefore r e f l e c t the temperatures at which exsolution ceased. 
G?he satisfactory recalculation of ilmenite analyses 
i s impossible without both ferrous and f e r r i c i r o n deter-
minations. The graph of t o t a l i r o n as PeO and TiOg i n the 
analysed ilmenites against the rock oxidation r a t i o , i n figure 
28, approximates nevertheless to l i n e a r i t y , p a r t i c u l a r l y 
i n the case of titanium. A difference i n i r o n content 
equivalent to 6,jfo PSgO^ i s apparent i n the ilmenites from the 
most reduced and oxidised rocks. I f t h i s i s assumed to be 
equivalent to hematite o r i g i n a l l y i n so l i d solution w i t h i n 
the ilmenite host, reference to the temperature-oxygen fugacity 
diagram of Buddington and Lindsley ( 1964 )• at an assumed 
temperature of about 600°C,reveals a probable range of oxygen 
fugacity from 10" to 10" bars. This range can probably 
be extended by a f u r t h e r order upwards when v i s i b l e estimates 
of the amount of exsolved hematite i n ilmenites of the most 
oxidised rocks i s made. 
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Rock oxidation r a t i o 
V ariation i n Ti02 • and t o t a l iron as FeO 
( -uncorrected ) i n ilmenitea with rock 
oxidation r a t i o . 
Figure 28. 
14. THE DISTRIBUTION OF ELEMSMTS BETWEEN COEKISTIM} MINERALS. 
Ramberg and DeVore ( 1951 ) and Kretz ( 1959 ) 
applied thermodynamics to the d i s t r i b u t i o n of elements 
between coexisting complex minerals and developed the 
equation :-
Xa° . 1 - Xa^ = e x p ( A F / R T ) ( l ) 
1 - Xa° Xa^ 
where Xa° i s the atomic f r a c t i o n of element a i n the phase 
a and Xa'^  i s the atomic f r a c t i o n i n the phase B . The 
complete exp2?ession on the l e f t of the equation represents 
the d i s t r i b u t i o n coefficient of the element a between the 
two phases. On the r i g h t of the equation A F i s an energy 
term, R i s the gas constant and T the absolute temperature. 
The equation applies only i f the two phases are ideal 
mixtures so that at constant temperature and pressure the 
graphical relationship between Xa° and Xa'^  i s a 
characteristic curve. I f the two phases are not ideal 
mixtures the^quation becomes 
Xa° . 1 - Xa*^  = K f e x p ( A F / R T ) ( 2 ) 
1 - Xa° Xa'^  
where Kf i s a function of Xa° and Xa*^  . The d i s t r i b u t i o n 
c o e f f i c i e n t at constant temperature and pressure i s then 
not constant and a plot of Xa° against Xa'^  produces an 
ir r e g u l a r curve. I f one of the elements i s present i n 
small ajnotmts i n both phases, both equations reduce to the 
Nemst d i s t r i b u t i o n law i e . 
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Xa° . 1 - Xa*^  ^ J C ^ = constant ( 3 ) 
1 - Xa° Xa^ ^ Xa*^  
The presence of fu r t h e r elements i n either of the phases 
may also influence the d i s t r i b u t i o n coefficient. 
A p l o t of Xa° against Xa on a Roozeboom diagram has 
been used by Kretz ( op, c i t . ) and others i n the investigation 
of element relationships w i t h i n coexisting nattiral minerals, 
A smooth curve or straight l i n e on such a diagram indicates 
that e i t h e r equation ( 1 ) or ( 3 ) i s applicable but i f the 
points are scattered a further influencing factor can be 
assumed, A regular relationship between a d i s t r i b u t i o n 
c o e f f i c i e n t and the content of another element i n either phase 
i s s t i l l therefore indicative of chemical equilibritun. 
The d i s t r i b u t i o n of titanium between b i o t i t e and 
hornblende i s graphically expressed on a Hoozeboom diagram 
i n f i g u r e 29, A l i n e a r relationship with some scatter i s 
apparent. Figure 30 indicates that there i s a moderate 
correlation between the i r o n and titanium contents of b i o t i t e 
coexisting with magnetite and ilmenite and veiy l i t t l e 
c o r r e l a t i o n between the i r o n and titanium contents of 
b i o t i t e coexisting with ilmenite alone. At least part of 
the scatter i n figure 29 can be explained i n terms of an 
inverse relationship between the titanium d i s t r i b u t i o n 
c o e f f i c i e n t and the sodium content of the amphibole as 
shown i n figure 31, Such a relationship was suspected by 
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Figure 29. 
Ti/Sy si site X 10 
The relationship between the atomic fraction of 
titanium i n the y s i t e against the iron content of 
b i o t i t e s from • g r a n i t i c gneiss, • ilmenite 
bearing gneisses and o gneisses with magnetite and 
ilmenite. 
Figure 30. 
Ti /Sy Biotite^ ^.^2^ Hornblende 
The r e l a t i o n s h i p between the sodium content of 
hornblende and the d i s t r i b u t i o n c o e f f i c i e n t of titanium 
between b i o t i t e and hornblende. 
Figure 31. 
Kretz ( 1960 ) i n a study of the chemistry of coexisting skam 
minerals. An increase i n sodium substitution i n the amphibole 
may therefore increase i t s a f f i n i t y f o r titanium as i n the 
rare amphibole kaersutite which i s enriched i n both elements. 
There appears to be no correlation between the titanium 
content of either b i o t i t e and hornblende and the t o t a l titanium 
content of the rock. 
The d i s t r i b u t i o n of magnesium between hornblende and 
clinopyroxene and hornblende and orthopyroxene are shown i n 
figures 32 and 33 respectively. Both graphs exhibit a l i n e a r 
or gently curved relationship with some scatter. Similar 
relationships were found by Himmelberg and Phinney ( 1967 ) 
f o r granulite facies gneisses and by Saxena ( 1968 ) for'so-
called' chamockites. No factor has been found to explain 
the scatter on the hornblende-orthopyroxene d i s t r i b u t i o n 
diagram. There is,however-an inverse r e l a t i o n between the 
d i s t r i b u t i o n coefficient of magnesium between hornblende 
and clinopyroxene and the took oxidation r a t i o as shown i n 
figu r e 34. The correlation between the magnesium d i s t r i b u t i o n 
c o e f f i c i e n t s and the tetrahedral aluminium content of the 
amphibole i l l u s t r a t e d by Saxena ( op. c i t . ) i s not apparent 
i n the present datai 
The composition of the coexisting pyroxenes are plotted 
on a calcium, magnesium and i r o n triangular diagram i n 
fi g u r e 35. The crossing t i e lines indicate that there i s 
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Mg/Mg+Fe Hornblende 
The di s t r i b t i t i o n of magnesium between hornblende 
and clinopyroxene i n O p y r i b o l i t e s , • contact 
aureole p y r i b o l i t e , biotite-homblende-clinopyroxene 
gneisses • , and • homblende-clinopyroxene 
gneiss. 
Figure 32. 
Mg/Mg+Fe Hornblende 
The d i s t r i b u t i o n of magnesium between hornblende 
and orthopyroxene i n o py r i b o l i t e s and • contact 
aureole p y r i b o l i t e . 
Figure 33. 
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Figure 34. 
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Th^ composition of coexisting clinopyroxenes 
and orthopyroxenes i n p y r i b o l i t e s . 
Figure 35. 
some departiire from a regular relationship, a feature that 
can also be demonstrated by scatter on a Boozeboom diagram. 
Pour of the pyroxene pairs plot on the curve on the 
Roozeboom diagram with a d i s t r i b u t i o n coefficient of 0.54 
that has been shown by Kretz ( 1963 ) to apply to the 
majority of metamorphic mineral pairs. The cause of the 
divergence from t h i s relationship of the other three pairs 
i s obscure, p a r t i c u l a r l y as the greatest range of coefficient 
i s exhibited by two samples collected a few dekametres apart. 
The rock oxidation r a t i o s of these two samples are also 
almost i d e n t i c a l . The pyroxene pairs of Himmelberg and 
Phinney ( 1967 ) also show some scattering of magnesium 
d i s t r i b u t i o n coefficients .particularly among the less i r o n -
r i c h minerals. There i s no suggestion i n the present 
pyroxene data that a regular relationship exists between 
the magnesium d i s t r i b u t i o n coefficient and the i r o n content 
of the orthopyroxene as has been found by Binns ( 1962 ) and 
Davidson ( 1969 ) . 
The Eoozeboom diagram of the d i s t r i b u t i o n of magnesium 
between b i o t i t e and orthopyroxene i s shown i n figure 36. 
Scatter i s considerable with the d i s t r i b u t i o n coefficient 
varying from 0.865 to I.8O5. Saxena ( 1968 ) also found 
s i g n i f i c a n t scatter i n the d i s t r i b u t i o n of i r o n between 
b i o t i t e and orthopyroxene from Swedish PreCambrian 
chamockites. No simple factors have emerged to explain 
t h i s scatter. 
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The d i s t r i b u t i o n of magneaium between "biotite and 
orthopyroyene i n o p y r i b o l i t e s , contact aureole 
p y r i b o l i t e • and • f e l s i c aureole rocks. 
igure 36. 
The d i s t r i b u t i o n of magnesium between b i o t i t e and 
clinopyroxene i s i l l u s t r a t e d i n figure 37• "Hie graph i s 
l i n e a r or gently curved with some significant scatter and 
a range of d i s t r i b u t i o n coefficients from O.463 to O.846. 
Kretz ( 1960 ) t e n t a t i v e l y related the scatter i n i r o n 
d i s t r i b u t i o n between b i o t i t e and clinopyroxene from Grenville 
skams to the aluminium content of the pyroxene. Saxena 
( 1968 ) related s i m i l a r scatter i n Swedish chamockites 
to the tetrahedral aluminium content of the b i o t i t e . I n the 
present p y r i b o l i t e s there i s a suggestion of a similar 
relationship as shown i n figure 38. The scatter i n magnesium 
d i s t r i b u t i o n coefficients i n the amphibolites and b i o t i t e -
clinopyroxene gneisses i s d i r e c t l y related to variations 
i n rock oxidation r a t i o . 
The d i s t r i b u t i o n digigram of magnesium between b i o t i t e 
and hornblende, i n figure 39.shows considerable scatter with 
d i s t r i b u t i o n coefficients ranging from 0.825 to 1.740* 
Similar relationships have been observed i n high grade 
gneisses by Kretz ( 1959 )> Saxena ( 1966 ) and Hollander 
( 1970 ) . The d i s t r i b u t i o n figured by Annersten ( 1968 ). 
on the other hand, shows a close approach to l i n e a r i t y . 
Kretz ( 1960 ) found that i r o n d i s t r i b u t i o n between the 
two minerals i n skam rocks was influenced by the aluminium, 
sodium and potassium contents of the amphibole. The regular 
relationship between the magnesium d i s t r i b u t i o n i n b i o t i t e 
and hornblende and the r a t i o of tetrahedral aluminium i n each 
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The d i s t r i l D u t i o n of nagnesium botv/een •biotite and 
clinopyroxene i n o p y r i l D o l i t e s , T " b i o t i t e -
homlDlende-clinopyroxene gneisses and A "biotite-
olinopyroxene gneisses. 
Figure 37. 
o 
O 
U 
ft o 
•r 
H O I Q) •P •H +3 O •H W 
W) 0.0 
a s 
2.1 2.3 
Atoms tetrahedral Al h i o t i t e 
The relat i o n s h i p between the distribution c o e f f i c i e n t 
of magnasi\jm between b i o t i t e and clinopyroxene and 
the tetrahedral aluminium content of the b i o t i t e 
i n p y r i b o l i t e s * 
Figure 38. 
Biotite 
The d i s t r i b u t i o n of magnesium between b i o t i t e and 
hornblende i n o p y r i b o l i t e s , • biotite-hornblende-
clinopyroxene gneisses, • amphibolitea with magnetite 
and ilmenite, v amphibolites with ilmenite, a 
amphibolites with magnetite and sphene and 9 
amphibolites with no oxide phases. 
Figure 39. 
mineral found by Saxena ( 1968 ) and Hollander ( 1970) i s also 
apparent i n figure 40. but only f o r the rocks containing both 
and 
magnetite and ilmenitsy^with comparable oxidation r a t i o s , of 
about 40. The gneisses with oxidation ratios s i g n i f i c a n t l y 
greater than t h i s f i g u r e , the p y r i b o l i t e s and amphibolites with 
ilmenite alone a l l show significant deviations from t h i s 
relationship. 
A comparison of the magnesium d i s t r i b u t i o n diagrams 
reveals that the greatest scatter occurs where b i o t i t e i s 
included. Much of t h i s scatter has been related to the 
tetrahedral aluminitun content and to the rock oxidation 
r a t i o . The l a t t e r appears to exert a considerable influence 
upon the magnesium p a r t i t i o n between b i o t i t e and hornblende. 
C r y s t a l l i s a t i o n under r e l a t i v e l y high oxygen fugacity favours 
the entrance of f e r r i c i r o n into the amphibole l a t t i c e , thus 
af f e c t i n g the iron-magnesium d i s t r i b u t i o n . 
The p a r t i t i o n of titanium and magnesium between the mafic 
s i l i c a t e s , though showing some i r r e g u l a r i t y , can f o r the most 
part be inteirpreted i n terms of a complex of chemical and 
mineralogical factors. These include substitution of other 
elements into the l a t t i c e , p a r t i c i i l a r l y of the complex hydrous 
phases, the oxygen fugacity during c r y s t a l l i s a t i o n and the natiire 
of the coexisting iron-titanium oxide phases. These conclusions 
support the v a l i d i t y of the occurrence of conditions of chemical 
equilibrium during c r y s t a l l i s a t i o n , and important prerequisite 
f o r the analysis of the rock paragenesis relations. 
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The r e l a t i o n s h i p between the b i o t i t e - h o m b l e n d e 
magnesium d i s t r i b u t i o n c o e f f i c i e n t and the r a t i o 
of t e t r a h e d r a l aluDiinium i n b i o t i t e to t e t r a h e d r a l 
aluminium i n hornblende. 
Tigu'rie'40.' 
15. THE ANALYSIS OF THE MINERAL PAMGENESES-
The most frequently used method of representing 
variations i n mineral parageneses with metamorphic grade 
i s the Eskola triangular AGP and A'KP diagram. The o r i g i n a l 
diagrams of Eskola ( 1936 ) have been greatly developed and 
extended by several authors, notably Turner ( 1948 ) and 
Winkler ( 1965 )• The paragenesis diagram that shows the 
closest approach to the mineral assemblages that have been 
observed i n the present area i s shown by Winkler ( op. c i t . ) 
to represent the s i l l i m a n i t e - cordierite - orthoclase 
subfacies of the Abukuma - type cordierite ajmphibolite 
facies. This diagram i s reproduced i n figure 41* A l l the 
minerals that have been observed to coexist with quartz 
with the exception of orthopyroxene are represented on t h i s 
diagram. The presence of orthopyroxene has often been 
considered as indicative of the granulite facies but recent 
work has indicated that a t r a n s i t i o n a l zone can be 
recognised between the amphibolite and granulite facies i n 
which the hydrous mafic s i l i c a t e s can coexist with the 
anhydrous pyroxenes. This zone has been termed the 
hornblende grajiulite or low pressure granulite facies. The 
f i v e phase assemblage anorthite, b i o t i t e , hornblende, 
clinopyroxene and orthopyroxene which i s characteristic of 
t h i s subfacies cannot be represented on the AGP and A'KP 
diagram as the number of permissible phases i s exceeded. 
This l i m i t a t i o n of the AGP and A'KP diagram i s imposed by 
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Figure 41. 
the assTjmption that i r o n and magnesium can be regarded as 
a single component, which i s not s t r i c t l y v a l i d . Turner 
( 1968 ) has used crossing t i e l i n e s on AGP diagrams to 
r e p r e s e n t these type of assemblages but t h i s makes the 
diagrams d i f f i c u l t to i n t e r p r e t . 
The rep2?esentation of the above f i v e phases and t h e i r 
s t a b i l i t y f i e l d s i s possible on the two tetrahedral diagrams 
Al, Ca, Pe^ "^  and % and Al', K, Pe^ "*" and % . Graphical 
representation of three dimensions i s d i f f i c u l t but effective 
projection onto a plane i s possible. A projection of the 
AL^OyK^O, PeO,MgO tetrahedron through the ideal muscovite 
composition has been successfully u t i l i s e d by Thompson 
( 1957 ) i n the analysis of parageneses of p e l i t i c gneisses. 
The use of a projection,in the manner described by Thompson 
( op. c i t . ),of the aluminium, calcium, ferrous iron and 
magnesium tetrahedron through the anorthite composition 
onto a plane p a r a l l e l to the edges Al to Ga and Mg to Pe, 
as shown i n figure 42, i n the analysis of paragenesis 
relationships wi t h i n the pyroxene bearing gneisses has been 
investigated. The compositions of the coexisting 
orthopyroxenes, clinopyroxenes and hornblendes of the 
p y r i b o l i t e s and clinopyroxene-bearing amphibolites that 
have been obtained during t h i s present study are shown i n 
t h i s diagram i n figure 43. I t i s also possible to show 
the composition of garnet and cordierite on the same 
diagram. The hornblende compositions are displaced to the 
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l e f t i n figure 43 as a l l the i r o n has been assumed to be i n 
'the ferrous state. After allowance f o r the estimated f e r r i c 
i r o n content of the hornblende, i t i s apparent that the area 
enclosed by the three mineral compositions i s r e l a t i v e l y small 
and varies considerably i n i t s coordinates f o r the d i f f e r e n t 
p y r i b o l i t e s . I t must be concluded that a factor i n addition 
to the elements considered i s influencing the composition of the 
coexisting phases. A similar relationship applies to the 
chemistry of the coexisting minerals from granulite facies 
rocks i n the Granite Falls - Montevideo area, Minnesota, 
studied by Himmelberg and Phinney ( 1967 ). as shown i n 
figure 44* I n contrast, the compositions of the two pjrroxenes 
and hornblende from granulite facies rocks of the Colton area 
i n the north-west Adirondacks, studied by Engel and Engel 
( 1962b ) , as shown i n figure 45.are very similar. 
The reduction of the major phase detemLning components 
to four and t h e i r tetrahedral representation, though adequate 
fo r p e l i t i c rocks, i s manefestly unsuitable f o r the more 
complex basic rocks. 
Chemical relationships involving more than four components 
can be investigated using groupings and ra t i o s . Figure 46 
i l l u s t r a t e s the role of aluminium as a determinative i n e r t 
component with respect to mafic s i l i c a t e phases i n a graph of 
(Na + K + 2Ca) / Al against (Fe + Mg)/ A l , As the v a r i a t i o n 
i n the content of the above elements and the i r o n , magnesium 
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Figure 46. 
sum i n both b i o t i t e s and hornblendes compared with that of 
the i r o n to magnesium rati o i s small, an average composition 
of each mineral can be plotted on t h i s diagram. Lines between 
the feldspar composition and the b i o t i t e and hornblende 
compositions delineate thirae areas i n wiiich b i o t i t e coexists 
with a more altiminous mafic phase,eg. garnet, b i o t i t e 
coexists with hornblende and hornblende coexists with a l e s s 
aluminous phase,eg. clinopyroxene. 
The compositions of the analysed rocks are plotted on 
t h i s diagram i n figure 46. The iron content of the opaque 
phases has been neglected. The g r a n i t i c rocks are clustered 
below ,the feldspar - b i o t i t e t i e l i n e near to the feldspar end-
point. The fact that they are concentrated just below the 
t i e l i n e may indicate an a l y t i c a l bias i n the X-ray deteimn-
ations possibly i n the aluminium contents. A l l the 
hornblende-bearing gneisses are c l e a r l y l e s s aluminous than 
the most mafic g r a n i t i c gneisses. The majority of the 
clinopyroxene-bearing amphibolites plot close to or above 
the feldspar - hornblende t i e l i n e . Several of the b i o t i t e -
clinopyroxene gneisses, the pyribolites and the more siliceous 
clinopyroxene amphibolites plot well within the b i o t i t e -
feldspar - hornblende area however. The operation or 
influence of other factors or components i s therefore required 
to explain the presence of pyroxene i n these rocks. 
I n order to explain the occurrence of pyroxenes i n the 
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above rocks i t i s therefore necessary to consider systems 
with more than four components, the interelationships of 
which cannot be expressed graphically. Korzhinskii ( 1959 ) 
has described a method developed from Lodochnikov for the 
representation of four to seven component systems by means 
of vectors or tied vectors. Hounslow and Moore ( 196? ) 
have used t h i s method to show variations i n the composition 
of mica s c h i s t s from the staurolite zone. These diagrams are 
complex and d i f f i c u l t to interpret quantitatively. Comparable 
conclusions can be obtained by the careful comparison of the 
analyses of each rock type and the application of significance 
t e s t s . Using t h i s appTOach i t i s apparent that the pyribolites 
as a whole are low i n potassium, h i ^ i n calcium and have high 
iron to magnesium r a t i o s when compared with the majority of 
other basic rocks. The majority of the b i o t i t e - clinopyroxene 
gneisses on the other hand have exactly the opposite character-
i s t i c s . Some amphibolites show a close approach i n composition 
to both these rock types however. 
Paragenesis relationships candso be investigated 
i n complex systems by the calcxilation of modes i n teims of 
average mineral compositions with simultaneous equations. 
Ferrous iro n and magnesium can be treated together as one 
component so that the largest source of variation i n 
mineral composition i s eliminated. The method i s approximate 
as several smaller but significant variations i n mineral 
compositions must be. neglected. The following e i ^ t 
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equations can be assembled for hornblende - bearing i n t e r -
mediate and basic gneisses which can be solved to give the 
modal proportions of the eight phases considered:-
B i o t i t e = Fe^ + Mg - T i - 0.5Fe^ - 1.69( 2Ca + IJa + K - Al ) _ _ (^j 
5.85 
Hornblende = 2Ca + Na + K + 0.5 B i o t i t e - Al ( 2 ) 
2.6 
Ilmenite = T i - 0.2 Hornblende - 0.4 B i o t i t e ( 3 ) 
Magnetite = Fe^ - ( Pe"^  content of mafic s i l i c a t e s ) — ( 4 ) 
2 
Anorthite = Ca - 1,80 Hornblende ( 5 ) 
Albite = Na - 0.45 Hornblende ( 6 ) 
Orthoclase = K - 1.8 B i o t i t e - 0.25 Hornblende ( ? ) 
Quartz = S i - 3 Albite - 3 Orthoclase - 2 Anorthite 
- 6.65 Hornblende - 5.75 B i o t i t e ( 8 ) 
A further equation can be added to compute the apatite 
content i f the phosphorous content of the rock i s know. 
One d i f f i c u l t y i n the use of t h i s method of paragenesis 
analysis with the present data i s that the minerals and 
i?ocks have been analysed by different techniques so that 
a n a l y t i c a l bias between the two methods w i l l cause 
displacement of mineral f i e l d s i n raulticomponent space i n 
r e l a t i o n to rock compositions. This consideration together 
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with the neglected variations i n the composition of the 
complex s i l i c a t e s make the relationships at the simplex 
boundaries i n mxilticomponent space,defined by the various 
mineral phases,uncertain. Nevertheless the broad relations 
between rock and mineral compositions and the general 
form of the paragenesis f i e l d s can be assertained. 
Noraiative proportions of the above eight phases can be 
calculated for the b i o t i t e - clinopyroxene gneisses i n 
order to ascertain i f the rock composition i s incompatible 
with the amphibolite assemblage. The calculated nouns for 
the s i x rocks i n which the f e r r i c iron contents are known 
are shown i n table 40* b i o t i t e clinopyroxene gneiss 
230 which i s richer i n iron r e l a t i v e to magnesium and 
poorer i n potassium than the other f i v e rocks i n table 40» 
plots outside the eight component symplex by virtue of the 
negative normative b i o t i t e proportion. Similar considerations 
apply to specimen 103913 and possibly specimen 113a,when 
allowance i s made for an estimated f e r r i c iron content 
i n the computations. Specimen 832a recalculates with both 
negative normative b i o t i t e and negative normative quartz, 
c h a r a c t e r i s t i c s which probably also apply to the similar 
specimen 832b. Specimens 329, 330 and 835,on the other 
hand,plot within the eight component simplex so that a 
further factor must be invoked to explain the occurrence 
of clinopyroxene i n these rocks. 
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Similar normative calculations can be applied to the 
biotite-homblende-clinopyroxene gneisses. The calculated 
norms f o r the two rocks of t h i s type for vSiich the 
f e r r i c i r o n contents have been determined are shown i n , 
table 41' Both of these rocks,and also probably specimens 
271 and 1040,plot within the quartz, orthoclase affiphibolite 
eight component simplex. The influence of a further factor 
i s therefore necessary to explain the presence of cl i n o -
pyroxene i n these rocks. 
Noimative mineral proportions of the eight phases 
calculated for the s i x pyribolites for which oxidation 
r a t i o s have been determined are shovm i n table 42. Of these, 
specimens 50 and 88b plot just outside the simplex with 
low negative normative b i o t i t e and orthoclase respectively. 
The other four rocks plot within the seven dimensional 
f i e l d defined by the composition of the eight phases. 
The magnesium to ferrous iron r a t i o i s an important 
compositional variable that has been neglected i n the above 
normative calculations. A direct relationship between the 
atomic f r a c t i o n of magnesium i n bi o t i t e and the rock oxidation 
r a t i o i s shown i n figure 47 for gneisses containing ilmenite 
anfj magnetite^^where b i o t i t e coexists with one other mafic 
s i l i c a t e , A more tentative l i n e can also be drawn on figure 
47'connecting b i o t i t e s from rocks with ilmenite alone or no 
oxide phase,with a much steeper slope. Wones and Eugster 
( 1965 ) have found experimentally that the atomic frac t i o n 
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Rock oxidation ratio 
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The r e l a t i o n s h i p hetween magnesium content of 
h i o t i t e and rock o x i d a t i o n r a t i o ( 2FepO^ / 
2Pe20^ + PeO ) i n o p y r i b o l i t e s , T b i o t i t e -
homblende-clinopyroxene g n e i s s , • amphibolites 
w i t h magnetite and i l m e n i t e , v amphibolites w i t h 
i l m e n i t e , O araphibolites w i t h no ore, • b i o t i t e 
garnet g n e i s s and ® b i o t i t e clinopyroxene gneiss. 
Figure 47. 
of b i o t i t e along the phlogopite - annite join, coexisting 
with sanidine and magnetite, i s governed by the temperature 
and the fugacities of water and oxygen. They found that 
at constant temperature, the b i o t i t e becomes more magnesiiun 
r i c h as the oxygen fugacity i s increased. They also 
developed an equation f o r the estimation of the fugacity of 
water from the b i o t i t e composition and an assumption of the 
temperature. This equation 
log fH20 = 3428 - 4212 ( l - x_.)^ + log x. = ^log f02 + 
T 
8.23 - log a KAlSi^Og " ^ ^^3°4 
where a s i g n i f i e s a c t i v i t y , T i s the absolute temperature, 
fOg i s the fugacity of oxygen and x^ i s the atomic f r a c t i o n 
of magnesium i n b i o t i t e , can be solved a f t e r estimation of 
the oxygen fugacity from the composition of the coexisting 
magnetite and ilmenite using the date of Buddington and 
Lindsley ( 1964 ) • With the assumption of the temperature 
0 22 of metamorphism as 6OO C and the oxygen fugacity of 10" 
bars f o r the b i o t i t e garnet gneiss 815, substitution i n "the 
above equation gives a water fugacity of O.4 bars. For the 
most oxidised gneiss, specimen 24m, with an estimated 
-17 
oxygen fugacity of 10 bars the computed water fugacity i s 
13 bars. Wones and Eugster ( 1965 ) quote a range of 1 to 
10 bars for the fugacity of water i n the Colton granulite 
f a c i e s rocks of the north - west Adirondacks described by 
Ehgel and Engel ( 1958, 1960 and 1962 ) . 
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As the magnesium to iron ratio of the bi o t i t e i s 
related to the rock oxidation ra t i o and the dist r i b u t i o n of 
magnesitun between b i o t i t e and hornblende i s subject to . 
compositional constraints, the rock magnesium to iron r a t i o 
i s also an important factor i n the determination of mineral 
parageneses. Thus the bi o t i t e clinopyroxene gneisses 329> 
330 and 835 can be shown to l i e outside the biotite-homblende 
containing compositional space when magnesim and ferrous 
iron are considered as separate components. When magnesium 
and i r o n are assigned to the normative b i o t i t e the residual 
magnesixM to ferrous iro n ratio i s greater than that permitted 
i n coexisting hornblende. A mafic phase which can accommodate 
more magnesium than the hornblende,ie. clinopyroxene, i s 
therefore favoured. This relationship can be expressed i n the 
foim of the equation :-
^i6.65^1.70^'o.i2^^^-^H.6o'^^.80^^0.40^0.25 + (o) = 
Hornblende 
0.4 NaAlSi^Og + 0.25 KAlSi^Og + 0,53 CaAl^Si^Og + 0.33 SiO^ 
Albite Orthoclase Anorthite Quartz 
+ 0.12 CaTiSiO^ + 1.35 Cao.85^^®'^^^1.05^'-2°8 ^ '^^ ^®3°4 
Sphene Clinopyroxene Magnetite 
which represents the phases equivalent to hornblende under 
r e l a t i v e l y h i ^ oxygen fugacities. Ilmenite may replace 
sphene as the major titanium phase, i n many of the rocks. 
I n rocks with both high oxidation ra t i o s and magnesium to 
iron r a t i o s the c r y s t a l l i s a t i o n of hornblende i s supressed 
i n favour of the phases on the right of the equation. 
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Similar reasoning can be employed to explain the 
occurrence of clinopyroxene i n the specimens 280a and 1247 
though because of t h e i r l e s s extreme composition the above 
equation becomes reversible so that hornblende coexists 
with the phases on the right of the equation. I n rocks 
which are r e l a t i v e l y poor i n potassium, b i o t i t e may be the. 
sole potassium-bearing phase. 
Similar but more speculative consideration can be 
applied to the p y r i b o l i t e s . As none of these rocks for 
which analyses are available contain modal a l k a l i feldspar, 
the modal biote can be calculated from the rock 
potassium content. When magnesium and iron are assigned 
to the normative b i o t i t e according to the rock oxidation 
r a t i o , the residual magnesium to iron ratio for the 
p y r i b o l i t e s i s l e s s than the b i o t i t e clinopyroxene gneisses 
and a l l but the most basic amphibolites. I t i s therefore 
postulated that the residual magnesium to iron ratio for 
the p y r i b o l i t e s i s l e s s than that acceptable for 
hornblende coexisting with b i o t i t e alone at the oxygen 
fugacity at vdiich these rocks c r y s t a l l i s e d . A further 
mafic phase i^fliich can accommodate more iron than the 
hornblende i s therefore favoured. Thus,in the rocks with 
both r e l a t i v e l y low magnesium to ferrous iron ratios and 
l o ^ x i d a t i o n ratios,hornblende tends to be replaced by 
more i r o n - r i c h orthopyroxene and clinopyroxene according 
to the following equation :-
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=i6.65"-1.70%.2o(^^='fe)4.55^.80*0.4o'^0.25 * =^ "2 
Hornblende Quartz 
= 0.40 NaAlSi^Og + 0.49 CaAl2Si20Q + 0.13 PeTiO^ 
Albite Anorthite Ilmenite 
^ ' ^ . 7 5^2 . 3 0^^0 . 5 0 ^ ^ ^ ^ . 8 5^.80 ^ 
Bi o t i t e 
^•47 Ca^.35(Fe+Mg)^^^5Si203 + 1.06 (Pe+Mg) 
Clinopyroxene Orthopyroxene 
Though no bio t i t e clinopyroxene orthopyroxene gneisses 
have been observed except for thin layers within the 
p y r i b o l i t e s , the assemblage would develop i n rocks with 
s u f f i c i e n t l y low magnesium to iron r a t i o s . 
The occurrence of pyribolites, amphibolites and 
b i o t i t e clinopyroxene gneisses within the gneiss sequence 
can therefore be explained i n terms of a complex of whole 
rock compositional factors under e s s e n t i a l l y constant temperature. 
I t i s unnecessary to invoke a period of metamorphism under 
granulite fa c i e s followed by selective retrogression under 
amphibolite facies,as has been suggested by several authors 
to explain rock associations s i m i l a r to those encounted 
i n the present study. 
Recently there have been complex mathematical studies 
of phase e q u i l i b r i a i n natural multicomponent systems with 
the aid of computer techniques eg. by Greenwood ( 1967 ) 
and Saxena ( 1969c ) . Greenwood ( op. c i t , ) has postulated 
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•that at l e a s t some of the variation i n mineral compositions 
found by Engel and Engel ( 1958 and 196I ) between the 
amphibolite facies Ehieryville rocks and.the Colton granulites 
i n the north-west Adirondacks can be interpreted i n terms of 
changes i n the bulk composition of the host rocks. 
The growing complexj.ty of the f a c i e s and subfacies 
c l a s s i f i c a t i o n of metamorphic rocks has prompted Winkler 
(1970 ) to abandon t h i s method i n favour of a simpler and 
broader c l a s s i f i c a t i o n of metamorphism into four stages. 
I n t h i s system the rocks considered above would be assigned 
to the ' high stage ' of metamorphism, the lower boundary 
of which i s defined by the breakdown of muscovite i n the 
presence of quartz. 
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l6 . Summary. 
Two series of metamorphic rocks separated by a 
st r u c t u r a l discontinuity have been mapped i n the area 
between Sir d a l and Aseral. The s t r u c t u r a l l y lower group 
of rocks, the Sirdalsvatn Series, i s characterised by the 
presence of an augen gneiss with large a l k a l i feldspar 
phenoblasts, the Feda aiigen gneiss, and gra n i t i c gneisses 
containing horizons of a l k a l i feldspar-bearing amphibolite 
and b i o t i t e clinopy2X)xene gneisses. The Feda augen gneiss 
originated by a process of extensive potassium feldspar 
b l a s t e s i s and homogenisation of a heterogeneous gneiss 
sequence which may date from an e a r l i e r erogenic cycle. 
The b i o t i t e clinopyroxene gneisses of the Sirdalsvatn 
Series are distinguishable from a l l other rocks of the 
area by t h e i r r e l a t i v e l y high oxidation ratios and high 
contents of the elements, P, K, T i , Sr, Zr, Ba, Ce and Pb, 
The Flekkefjord Series viiich occurs structurally 
above the Sirdalsvatn Series consists of alternations of 
layered basic, intermediate and g r a n i t i c gneisses with 
more uniform g r a n i t i c gneiss horizons. A few gametiferous 
gneisses also occur i n the lowest layered basic gneiss-
r i c h horizon,which may be separated fi?om the overlying 
rocks by a further struct\iral discontinuity. The gr a n i t i c 
gneisses of the Flekkef jord Series are either massive or 
d i f f u s e l y layered and probably represent nebulitic 
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migmatite formed from a sedimentary sequence r i c h i n 
feldspathic greywacke. The more basic horizons contain 
amphibolite, clinopyroxene amphibolite, pyribolite and 
b i o t i t e - r i c h gneiss i n addition to g r a n i t i c layers. I n 
some highly deformed parts of the layered basic gneiss 
agmatitic and p h l e b i t i c migmatite i s developed. 'The 
basic gneisses i n the upper PLekkefjord Series show 
some chemical differences from those i n the lower part of 
the sequence and are without p y r i b o l i t e s . Pine-grain 
disseminated iron sulphide occurs i n thi n b i o t i t i c gneiss 
horizons throughout the more heterogeneous parts of the 
sequence. The major element compositional variation 
shown by the basic and intermediate rocks of the 
PLekkef jord Series i s comparable to that shown i n igneous 
rock sequences. 
The rocks were subjected to intense polyphase 
deformation, three major phases of which have been 
recognised within the PLekkef jord Series, Minor fold 
r e l i c s within the Peda augen gneiss indicate that these 
rocks were subjected to a phase of folding prior to those 
recognised within the PLekkef jord Series. Two la,ter 
periods of minor flexuring have also been recognised. 
During the climax of orogeny the rocks were 
metamorphosed to the low pressure granulite-upper 
amphibolite facies boundary. The mineralogy of the rocks 
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shows agreement with the sillimanite-coidierite-orthoclase 
subfacies of the Abukuma-type cordierite amphibolite 
f a c i e s except for the occurrence of orthopyroxene i n 
some basic and feldspathic gneisses. 
With the exception of a l k a l i feldspar, magnetite and 
ilmenite which have undergone unmixing and exsolution 
while the rocks were cooling, the chemistry of the 
coexisting phases r e f l e c t s the original c r y s t a l l i s a t i o n 
compositions. The very r e s t r i c t e d compositional range 
of plagioclase coexisting with a l k a l i feldspar, # i i c h i s 
independent of the rock chemistry, indicates a regular 
relationship determined by environmental parameters and 
a roughly constant temperature throughout the area. 
Examination of the b i o t i t e analyses reveals that the 
substitution of f e r r i c iron into the l a t t i c e i s limited 
and constant and that an inverse relationship between 
the f e r r i c to ferrous iron r a t i o and the titanium content 
of the b i o t i t e s e x i s t s . Compositional relationships 
among the hornblendes are more complex. Some chemical 
features of the hornblendes are intermediate between 
minerals from established granulite-facies rocks and those 
from amphibolitefacies rocks. 
A temperature of c r y s t a l l i s a t i o n of about 600°C and 
a range of oxygen fugacity from 10"^ ^ to 10"^^ bars 
during c r y s t a l l i s a t i o n can be estimated from the chemistry 
of the coexisting feldspars and the ilmenite compositions 
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respectively. 
High to moderate positive correlation i s apparent i n 
the d i s t r i b u t i o n of titaniiun and magnesium between the 
coexisting s i l i c a t e phases. Much of the scatter i n the 
Eoozeboom diagrams i s related to rock oxidation r a t i o s , 
the nature of the coexisting oxide phases and the 
tetrahedral aluminium content of the hydrous s i l i c a t e s . 
This i s consistent with the c r y s t a l l i s a t i o n of the phases 
under conditions of chemical equilibrium. 
The varied parageneses of the gneissic rocks were 
produced during a single metamorphic event under e s s e n t i a l l y 
constant temperature. Rock composition and oxygen fugacity 
exercised the main constraints on the nature of the 
coexisting phases. 
The gneissic porphyritic adamellite vdiich occupies 
the core of the Pjotland antiform was formed from 
pre-existing feldspar-rich gneisses by a process of 
potassium feldspar b l a s t e s i s and homogenisation i n a 
region of l o c a l l y elavated oxygen and water fugacities. 
This may have resulted from upward migration of water 
from an upward projection of the Sirdalsvatn Series 
basement i n the core of the fold. The similar rocks i n the 
northern part of the Kvina valley were produced by a l e s s 
intense phase of_ the same process. 
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The widespread molybdenite and chalcopyrite mineralisation, 
associated with vein quartz, granular leucogranite and pegmatite, 
originated at depth and was transported i n siliceous hydro-
thermal f lu id up basement weakness zones into the overlying 
heterogeneous 'gneisses, particularly where the gneissic 
layering coincided i n direction with- the basement fracture 
pattern. The ore metals were fixed as sulphides where the 
solutions invaded gneisses containing fahlband sulphide. 
The mineralisation was introduced after the climax of 
metamorphism and deformation but while the rocks were close to 
their maximum temperature and s t i l l able to deform plast ical ly 
i n response to localised stress. Minor remobilisation of ore 
occurred subsequently i n a phase of cross-cutting pegmatite 
inject ion. 
An intrusive magmatic event occurred in the waning stages 
of orogeny with the 'emplacement of a large voliime of quartz 
monzonite with some discordance. Thermal metamorphic aureoles 
were developed i n the coiontiy gneisses with the crystall isation 
of mineral assemblages indicating a rather higher temperature 
than that attained at the climax of regional metamorphism. 
An early phase of brit t le deformation produced 
faults which were subsequently healed by the slow release 
of regional strain. Pegmatite and quartz-chalcopyrite 
veins invaded some of the breaks while they were s t i l l 
open. At a much la ter time the area was subjected to 
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further br i t t le deformation with the formation of 
mylonites. Ify-drous solutions invaded these fractures and 
the surrounding rocks were retrograded to chlorite, 
epidote, hematite and piemontite-bearing rocks. 
'The f ina l event prior to up l i f t , erosion and f ina l ly 
glaciation was the intrusion of paral lel dykes of 
a lka l i - r i ch basic rock. 
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I 
a) Bock chemical analysis. 
Rock analysis was carried out by means of the Philips 
1212 X-ray spectrometer. The major element analyses were 
corrected for differences in mass absorption using the 
method of Holland and Brindle ( 1966 ) . This method enables 
large numbers of s i l i ca te rocks of the commoner types to be 
analysed with relative rapidity and f a i r accuracy. Analyses 
obtained by this method are satisfactory for comparative 
studies of related rocks but less so for more rigourous 
petrological computations,as they are subject to bias and 
the influence of other factors of which the most important 
are the mineralogical effects. Variations in the nature of 
mineral species within a rock give r ise to differences i n 
X-ray response which are independent of chemical composition. 
The importance of these mineralogical effects in the analysis 
of aluminium has been demonstrated by Leake et. a l . ( 1968 ) . 
I t i s impossible to allow adequately for such differences 
between standards and unknowns in the method of Holland and 
Brindle, but as material analysed i n the present study i s 
re lat ively close both chemically and mineralogically to the 
secondary standards employed, some compensation for 
mineralogical effects has been effected. A further 
disadvantage of the analytical method employed i s that 
the mathematical procedure adopted for the calculation of 
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mass absorption corrections requires that the analyses 
calculated from the i n i t i a l calibration are normalised on 
a water free basis,so that the independent check of the 
oxide total on the re l i ab i l i ty of the analyses i s impossible. 
The total iron contents of 27 rocks were determined 
chemically be measurement of the intensity of the colour 
of the 03rthophenanthroline complex. A graphical comparison 
of the two sets of iron analyses for these rocks i s shown 
i n figure 48. This graph reveals a tendency for the X . R . F . 
analyses of the iron-rich rocks to be higher than the 
chemical analyses with a converse relationship for the 
iron-poor rocks. Ferrous iron was also determined in these 
rocks using the ammonium metavanadate back t i trat ion 
method described by Wilson ( 1955 ) • The ferr ic iron 
contents were then found by difference and the rock 
oxidation ratio , ie . 2 FSgO^ x IOO/2 Fe^O^ + FeO, calculated. 
Trace element analysis was carried out by X . R , F . and 
correction for mass absorp'tion differences for elements with X less 
itihp.n-.l the iron K absorption edge effected using the 
inverse relationship between the height of the tube 
molybdenum Ka Compton scattering peak and the mass 
absorption at that wavelength. The i n i t i a l calibration 
was i n terms of an intermediate rock base spiked with 
trace elements. 
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Figure 48. 
b) Mineral chemical analysis. 
1. Alkal i feldspar. 
The elements sodium, potassium, barium and calcium 
were detexmined i n a lka l i feldspar grains within a polished 
thin section by means of the Cambridge Instruments Geoscan 
electron microprobe. In order to avoid volatisation of the 
a l k a l i elements i n surface layers of the minerals an electron 
excitation potential of 10 kilovolts and an incedent spot 
defocussed to about 20 microns were used. Standards were made 
by moxinting grains of well analysed natural feldspars, mostly 
Spenser samples, obtained from the University of Manchester. 
Calibration was achieved for sodium ajid potassixm by ai^plot 
of the peak minus background counts for the standards against 
the chemically deteunined resiiLts as shown i n figures 49 and 
50. No atomic number or mass absorption corrections were 
applied to the experimentally detennined compositions using 
these calibrations because of the close similarity between 
the standards and unknowns. Calcium and barium were 
deteimined in teuns of the probe analyses of the standards 
obtained by Smith and Ribbe ( 1966 ) as the chemical 
determinations of calcium in the bulk samples were considered 
too high as a result of contamination by small included grains 
of such minerals as apatite,and those of barium were unreliable. 
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2. Plagioclase. 
Plagioclase analysis was carried out on the electron 
microprobe under the same instrumental conditions as for 
the a l k a l i feldspar analysis. The minerals were analysed 
for sodium, calcium, aluminium and s i l icon in teims of a 
set of calibrations of synthetic plagioclase glasses 
prepared by D. Lindsley and described by Ribbe and Smith 
( 1966 ) . As Smith ( 1965 ) has shown that the X-ray response 
for a natural plagioclase and a synthetic glass both of 
composition anorthite 40 wt. 5^  showed agreement to within 
1 the present minerals were analysed directly i n 
terms of the graphs shown in figures 51 and 52. The pure 
albite glass was not used i n these calibrations as i t was 
unstable, even ^mder the low density of electrons used. As 
the oxide totals of the minerals analysed for the four major 
elements were close to the ideal , calcium alone was determined 
i n the other minerals and the 2:esults expressed in tenns of 
the weight percentage of the anorthite end-member, 
3. Mafic minerals. 
The minerals biotite, hornblende, clinopyroxene, 
orthopyroxene, sphene, garnet and chlorite were analysed 
on the electron microprobe for the major elements with 
an electron excitation potential of 15 kilovolts and a 
focussed beam about 2 micixjns in diameter. The minerals were 
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analysed i n teims of a set of f ive s i l i cate glasses made 
by Pi lkin^ons of St. Helens to cover the range of 
composition of the commoner mafic rock-forming minerals. 
The chemical composition of these standards used i n the 
calibration was based on an X-ray fluorescence analysis 
i n the same run as the present vihole rocks so that both 
rock and mineral analyses cotild be as near comparable as 
possible. 
The calculation of the mineral analyses from the raw 
count data was performed in two computer programmes, the 
f i r s t of which calculated an approximate composition of 
each mineral by direct ratioing to a single standard for 
each element after correction of the raw counts for machine 
d r i f t and counter dead time. In general for each mineral 
type the glass nearest i n composition was used as the 
standard. The second programme which was based on calculation 
procedures adopted by Long, corrected the approximate 
compositions for differences i n mean atomic number, mass 
absorption and fluorescence. 
c)The instrumental precision of electron microprobe analysis. 
This quantity was estimated by repeated analysis of 
one spot on the mineral surface. The prolonged bombardment 
of a single area results in surface damage and pitting, 
particularly i n frameyrork and sheet s i l icates where selective 
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volatalisation of elements occurs. Because of this and the 
fact that the instrument i s subject to considerable medium 
term d r i f t , i t i s d i f f i c u l t to increase the precision by 
long counting periods. In this work the usual procedure 
was to count forr; three to five consecutive 20 second 
periods. For the repeated analysis of sodium in an a l k a l i 
feldspar at about the 1 fo level , using a K.A.P. c iys ta l , the 
coefficient of variation was 8.5^ while for potassium i n the 
same mineral i t was 1.25b. The coefficient of variation of 
f ive determinations of iron i n biotite was O.75S. 
d) The variation in composition of minerals within a single 
rock specimen. 
The development of the electron microprobe has made 
the investigation of variations i n composition of individual 
mineral grains or mineral populations within a rock 
relat ively simple. Prior to this , these investigations 
rel ied upon either the measurement of the optical properties 
of minerals i n s itu or after bulk separation,or chemical 
analysis of different fractions of the same mineral produced 
by heavy l iquid separation and the isodynamic magnetic 
separator. Only in the case of plagioclase i s i t possible 
to relate the measured optical properties directly to the 
chemical composition. The big disadvantage of the direct 
chemical analysis of mineral fractions i s that i t i s impossible 
i n practice to remove a l l impurities, particularly those 
occurring as inclusions. 
167. 
Daring the winter of 1965 to 1966 an attempt was made 
by the present author to separate minerals from a set of 
representative rock types. This operation was abandoned 
when i t became clear that a satisfactory pure sample in 
sufficient quantity for chemical analysis of some of the 
minerals woiild be almost impossible to obtain in a reasonable 
time. Hagner, Leung and Denison ( 1965 ) separated fractions 
of biot i te , hornblende and orbhopyroxene from mafic gneisses 
which showed significant variations i n refractive indices. 
They correlated these variations with differences i n 
chemical composition that could either be interpreted i n 
terms of mic^chemical compositional zoning or variation 
from grain to grain in an apparently homogeneous rock. 
The formation of equilibrixxm domains within a homogeneous 
rock has been postulated both by Eorzhinskii ( I959b ) and 
Thompson ( 1959 ) under a concentration gradient of a 
mobile component or a temperature gradient. A careful 
study of the significance of any variation in composition 
from grain to grain within the various polished thin 
sections was therefore carried out. 
1.Alkali feldspar. 
The variation i n composition shown from point to point 
within a single large augen crystal and from grain to grain 
i n the matrix material,i l lustrated in tables 29 to 31, i s 
considerably greater than that resulting from the analytical 
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variance. As has been discussed i n Chapter 13, these 
compositional variations result from differences in the 
amount of leaching of the exsolved sodic phase in the period 
during which the rocks were cooling. In previous works the 
chemical analysis of potassium feldspar has been preceded 
by the crushing of a bulk sample containing the mineral and 
the separation of the mineral from other phases by means of 
heavy l iquids. Nilssen ( 196? ) has made, a c r i t i c a l 
examination of this technique and has shown that i t i s 
possible to separate perthitic feldspars into a series of 
fractions of steadily decreasing perthite content. Analysis 
of several fractions of feldspar from the Grimstad granite 
and the Herefoss granite of southern Norway showed a range 
of the orthoclase end-member content from 52?^  to SOfo by weight 
and 71?^ and 92?^  by weight respectively. Bulk analyses of 
perthit ic feldspars are therefore of varying sigiuficance 
according to how carefully and precisely the separation has 
been carried out and (to. what fraction i s selected for analysis. 
As the fractions at each end of the range wi l l probably contain 
more impurities than those i n the middle of the range,it wi l l 
be v ir tua l ly impossible to obtain an unbiased mean composition 
of the feldspar. 
2. Plagioclase. 
Hunahashi, Kim, Ohta and Tsuchiya ( 1968 ) have shown 
that the results of the Universal Stage compositional 
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determination of several plagioclase grains within thin 
sections of several apparently homogeneous igneous and 
metamorphic rocks show a considerable range. A histogram of 
the compositions of 130 plagioclase grains from the older 
biotite gneiss of the Hida metamorphic belt, Japan, determin-
ed on the Universal Stage,is reproduced from Ohta ( 1969 ) 
i n figure 53« Ohta ( personal communication ) also detected 
similar ranges in plagioclase composition from gneissic 
rocks from the south Norwegian PreCambrian. Using the 
Universal Stage method of plagioclase composition estimation 
employed by Ohta the present author measured the composition 
of several grains within the amphibolite specimen 56 and 
found a considerable spread, as i l lustrated in figure 53• 
The composition of several plagioclase grains within 
a section of the same amphibolite and several other rocks 
was also deteimined with the electron microprobe as 
described above. The range in composition of plagioclase 
grains from this method for the three rocks with the 
maximum variation and the amphibolite 56 are also shown in 
figure 53. The variation in plagioclase composition for 
specimen 56 obtained from the probe analyses i s sl ightly 
greater than that which would be expected from the analytical 
variance but considerably less than the spread of the 
Universal stage composition detenninations. The mode of the 
probe analyses i s at a composition of only 1 anorthite 
less than that of the main mode of the optical determinations 
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however. Though the broader distribution of compositions 
about this maximum can be explained by the lower precision 
of the optical method no grains with anorthite contents 
greater than 40 were detected in the probe analysis. 
In the majority of the gneissic rocks that were examined 
and analysed with the electron microprobe the variation in 
plagioclase composition detected WSLS close to that which 
could be predicted as resulting from the precision of the 
method of analysis used. The greatest compositional 
variations were shown by the dyke rock 497c whicda showed 
some sign of optical zoning in its lath-shaped plagioclase 
crystals and the two pyribolites I49b and 50 v*iich exhibited 
diffuse fine scale layering into amphibole-rich and pyroxene-
rich components, 
3. Mafic minerals. 
The procediire adopted for the analysis of the mafic 
minerals was to count three times on eight to ten spots 
covering several grains throughout the whole slide. Further 
spots were analysed i f the variation in composition obtained 
was significantly greater than that expected from the 
co\mting statistics. The maximum and mean variation in 
composition for different grains of the same mineral,as 
absolute percentages of the oxide,are shown in table 43* 
In the majority of the mafic mineral analyses the apparent 
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variation in composition from grain to grain is similar to 
that expected from the analytical variance. The maximum 
variations are up to a factor of three greater than this 
but in most minerals this variation is confined to one 
element and therefore has l i t t le significance in the mineral 
chemistry of the rock. In the specimen of the HM.eland 4 
intrusion, number 306c, both the hornblende and sphene 
shoviT relatively large variations in the content of several 
elements, in particular those. #iich occupy similar structtiral 
sites. I t i s therefore deduced that in this rock there are 
significant differences in the chemistry of separate grains 
of some of the mineral constituents. For the gneissic rocks 
the electron microprobe analyses of mineral grains have 
revealed no significant variations between individual grains 
with the exception of alkali feldspar. This fact provides 
st3X)ng evidence for chemical equilibrium dixring the crystal-
lisation of the various parageneses at the climax of meta-
moiphism, 
e) Accuracy of mineral analyses. 
I t is difficult to assess the accuracy of the electron 
microprobe analyses, both because of the complexity of the 
factors influencing the X-ray response and because of the 
lack of another analytical method capable of determining 
the composition of small single grains of a mineral. The 
chemical analysis of bulk separated mineral fractions is 
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subject to serious errors .particulaxly in the minor element 
contents of minerals, because of the impossibility of the 
removal of a l l impurities. 
The errors encounted during the quantitative analysis 
of minerals isith the electron microprobe has been treated 
at some length by Sweatman and Long ( 1969 )• During the 
present analytical runs with the probe care was excersised 
in the setting of optimum intrumental conditions for each 
element and in the alignment of the electron optical column. 
Machine drift was carefully monitored and the analyses 
obtained when this was pronounced were rejected. Initially 
the thickness of the carbon coating on the polished thin 
sections was standaidised to that on the standards visually. 
According to Sweatman and Long ( op. cit , ) differences of 
o 
50 A or more could go undetected in visible comparisons, 
leading to errors of between ^io and 2^ in sodium and iron 
deteiminations. For the majority of the analyses however, 
both standards and \mknowns were coated with a standard 
thickness of carbon monitored by its electrical resistance. 
The oxide total is often used as a guide to analysis 
accuracy. Totals well above 100^ indicate analytical errors 
but those below this figure could also mean that a significant 
componeht has not been detennined. Water has not been 
determined in the hydrous minerals so that in these minerals 
the oxide total can only give an indication of accuracy within 
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very broad limits. As even ideal oxide totals can be 
misleading,by virtue of cancelling errors in several 
components, for minerals the best measure of accuracy is the 
f i t of the ideal mineral formula to the recalculated analysis 
and the balance of charges of the various element groups 
in the different structural sites. In the complex hydrous 
silicates these principles are difficult to apply as the 
ferric iron contents have not been determined, 
1, Alkali feldspar. 
Smith and Ribbe ( 1966 ) have compared chemical analyses 
of bulk feldspar samples with their probe determinations 
based on empirical methods of correction. They found some 
large deviations but close agreement between the flame 
photometer potassium results of Carmichael and their 
probe analyses. As the present author's results are based 
on some of the Spenser potassium feldspars for vAiich 
Smith and Ribbe ( op, cit , ) found close agreement i t can 
be concluded that the potassium analyses of the alkali 
feldspars in this study are comparable to the flame photometer 
determinations. The calibration for sodium in alkali feldspars 
used by Smith and Eibbe is also based on the flame photometer 
analyses of Carmichael, When the analyses of other feldspars 
were compared however, the probe sodium results were biased 
higher than the chemical analyses. Nothing can be deduced 
about the accuracy of the calcium and barium deteiminations as 
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the chemical analyses of the standaids available were clearly 
unreliable. A histogram of the molecular totals of the 
feldspars that have been analysed for al l the four elements 
is shown in figure 54» The distribution is similar to that 
shown by Smith and Eibbe. Some of the lowest oxide totals were 
obtained from feldspar grains in specimen 832a which contain 
the greatest amount of the heavier minor elements calcium aM 
barimn and are therefore furthest removed in composition 
from the standards. 
2. Plagioclase. 
The seven plagioclases that were analysed for al l the 
major elements have oxide totals from 100.0 to 101.1^ !$, a 
range comparable to that obtained by Ribbe and Smith ( 1966 ) 
in a series of probe plagioclase analyses,and quoted by 
Deer, Howie and Zussman ( 1966 ) for chemical analyses of 
bulk material. The recalculations of the present analyses 
with respect to 32 oxygen atoms show a range of Z-site 
totals from 15.98 to 16.O4 and X-site totals from 3.95 to 
4.01 atoms per formula unit. The corresponding ranges of 
the chemical analyses quoted by Deer, Howie and Zussman 
( op. c i t . ) are 15.97 to 16,05 and 3.8? to 4.08 atoms per 
formiila unit for the Z site and X site respectively. Allow-
ance for undeteraiined iron. Potassium and strontium in the 
present analyses would produce a closer approach to the 
ideal formula. 
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3. Orthopyroxene. 
Nine orthopyroxenes have been analysed with the electron 
microprobe for the major elements but manganese, an important 
minor element, has only been determined in two of the 
minerals. The oxide totals range from 98.jfo to lOl.3?S,but i f 
allowance is made for manganese most of the totals would 
probably be in the 100?^  to ^O^fo range. As orthopyroxenes 
are relatively simple silicates in which element for element 
substitutions are limited, i t is possible to gauge the 
analysis accuracy by the closeness of f i t of the 
recalculation of the analysis on the basis of six atoms of 
oxygen into the ideal mineral formula and the valency 
balance between the sites. The Z-site totals range from 
2.00 to 2.02 atoms per formula unit and the XY site totals 
range from 1.93 to 2.01 atoms per formula unit. I f manganese 
were included in a l l the recalculations the Z and XY site 
totals would be closer to the ideal 2 atoms per formula 
unit. The corresponding site totals from the empirically 
corrected probe results of Howie and Smith ( 1966 ) range 
from 1,96 to 2.04 per fonmala unit and from the best 
chemical analyses quoted by Deer, Howie and Zussman they 
range from 1.98 to 2,01 atoms per formula unit. The fact 
that aluminium replacing silicon in the Z site should be 
balanced by aluminium and other trivalent elements in the 
XY site can also be used as a test of accuracy. Only one 
of the two analyses where manganese is included adheres to 
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this rule. In many of the best chemical analyses of 
orthopyroxene the charge in each site in the recalculation 
does not balance however. 
The present probe analyses of orthopyroxenes appears to 
compare quite favourably with wet chemical analyses of 
bulk material and are superior in respect to some of the 
minor elements,in particular calcium. A small amount of 
clinopy3x»xene impurity in the bulk sample causes a consider-
able error in the calciiom content. In bulk separation any 
included clinopyroxene can neither be fully removednor 
retained so that the fraction analysed represents an 
inteimediate stage between the original composition and the 
final orthopyroxene host. 
4. Clinopyroxene. 
Manganese has only been determined in two of the 
fifteen analysed clinopyroxenes but as i t is less abundant 
than in the orthopyroxenes its absence from the oxide totals 
and recalculations is less serious. The oxide totals of the 
analysed clinopyroxenes range from 97»5?^  "to 100.6^ with al l 
but three between 99?^  and ^0^fo. Smith ( I966c ) quotes a 
range of oxide totals from 97-7^ to 101.0?S in 22 probe 
analysed minerals. In the recalculations of the present 
analyses with respect to six oxygen atoms the Z-site totals 
are a l l 2,00 atoms per formula unit and the XY site totals 
range from 1.97 atoms per formula unit to 2.01 atoms per 
formula unit. The corresponding XY site totals of the 
clinopyroxenes analysed by Smith ( op. c i t . ) and the wet 
chemical analyses of bulk separated minerals quoted by 
Deer, Howie and Zussman ( 1966 ) both range fjxim 1.97 to 
2.04 atoms per formula unit. In these respects the present 
analyses compare favourably with the chemical analyses. The 
lack of knowledge of the ferric iron content of the minerals 
makes the valency balance between the two sites impossible 
to assess. 
5. Sphene. 
The oxide totals of the eight analysed sphenes range 
from 92.3?^ to 98.2?^ with five between 96.0?S and 96.3? .^ 
Undetermined water is one contributant to the low oxide 
totals but, as anything up to one in five of the oxygen atoms 
of sphene can be replaced by the hydroxyl group, i t i s 
difficult to allow for this. EJxamination of the sphene 
analyses in Deer, Howie and Zussman ( 1966 ) reveals that 
the water and fluorine content is frequently about 1.59^  ty 
weight,v/hich is equivalent to one hydroxyl and fluorine 
group per 20 oxygen atoms. Using this assumption the 
present analyses have been recalculated with respect to 
192 oxygen atoms so that these ions can be neglected. On 
this basis the Z-site totals range from 4.00 to 4.02 atoms 
per formula unit with a l i t t le aluminium entering the site 
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in the majority of cases. The titanium site totals range 
from 3»79 to 4»06 atoms per fozraula unit and the calcium 
site totals range from 3.69 to 4*07 atoms per formula unit. 
As neither the rare earth elements nor niobium have been 
determined, both of which frequently enter the mineral 
replacing calcium and titanium respectively, i t is impossible 
to attach much significance to the totals. In the case of 
the rock specimens 20 and 86lb however, the niobium and cerium 
contents are low so that by inference that of the sphenes 
must also be low. The rare earth content of the intrusion 
sphene, specimen 306c, i s probably greater, as the quartz 
monzonites are richer in ceriiim than the majority of the 
gneissic rocks. Niobium is also enriched in the intrusive 
rocks compared with the metamorphic rocks. In spite of the 
corrections applied to the probe analyses the large 
extrapolation from the titanium content of the standard to 
that of the sphenes is likely to lead to greater errors 
in these analyses compared with those of the other silicates. 
6. Biotite. 
The oxide totals of the 39 analysed biotites range 
from 92,8^ to 98.3^ with 18 of these between 95*09^  and 
96,05 .^ The majority of the analysed metamorphic biotites 
included in Deer, Howie and Zussman ( 1966 ) have a 
combined water and fluorine content of around 4^ l^ y weight. 
With this assumption and allowing for manganese where 
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necessary,the majority of the oxide totals range from 999^  
to ^0(yfo, In the recalculations with respect to 22 oxygen 
atoms,ten of the biotites have Z site totals of less than 
8,00 atoms per formula imit i f titanium is excluded from 
the site. Though some chemical analyses of biotites, 
mostly from alkali igneous rocks, with vacancies in the 
Z-site have been reported, the majority of the published 
better analyses of metamorphic biotite contain rather 
more aluminiiim than the present analyses. Biotites from 
the Swedish PreCambrian, also analysed on the electron 
microprobe in terms of glass standards and reported by 
Annersten ( 1968 ), are also al l relatively low in aluminium 
compared with chemically analysed metamorphic biotites. It 
is difficult to decide #iether the probe aluminim results 
are accurate or subject to a bias in relation to chemical 
analyses as the bulk fractions may contain more aluminous 
impurities like chlorite. The lack of ferric iron determin-
ations in the present biotite analyses makes the assessment 
of charge balance between the structural sites impossible 
but the regular relationship between the titanium content 
and the apparent negative charge balance in figure 22 
suggests that valency balance is fulf i l led. Though i t is 
diff icult to define the accuracy of the biotite analyses 
except by extrapolation from that of the simpler pyroxenes 
analysed in the same manner and other indirect means, the 
suitability of the data for comparative petrological computations 
i s manefest. The very low calciiim content of the minerals 
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when compared with many chemical analyses of similar 
material can be explained in teims of contamination of 
the bulk samples with small grains of calcium-rich phases 
like apatite which are physically impossible to remove, 
7, Hornblende, 
The oxide totals of the 31 analysed hornblendes range 
from 95.45^ to 99.5?^ with 25 of these between 96,55^ and 
98,0?^. Assuming a water plus fluorine content of about 2^ 
by weight and a manganese content of 0,55^ by weight in those 
samples in which the element has not been determined the 
majority of the oxide totals would then l ie in the range 
of 99.0?^ to 101.Ofo. The Z sites in the recalculations on 
the basis of 23 oxygen atoms al l total 8,00 atoms per formula 
unit. The Y-site totals range from 4,98 to 5,34 atoms per 
formula unit and the combined X and A-site totals range 
from 2.12 to 2,68 atoms per formula unit. According to 
Phillips ( 1963 ) a Y-site total of greater than 5.10 atoms 
per formula unit indicates analytical error. The lack of 
ferric iron determinations in the present analyses precludes 
the computation of charge balance between the sites. 
Nevertheless the site and oxide totals of the majority of 
the present probe analyses are comparable to many published 
chemical analyses of metamorphic amphiboles. 
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8, Chlorite and garnet. 
The analysed chlorite has an oxide total of 89.6^ 
which i s a l i t t le h i ^ i f a water content of between 11?^  
and ^2!fo is assumed. The iscalciilation of the analysis on 
a water free basis on the basis of 24 oxygen atoms shows a 
very close f i t to the ideal formula however. The oxide 
total of 101»&fo for the analysed garnet is also slightly 
high but the recalculation of the analysis on the basis of 
24 oxygen atoms f i t s very closely into the ideal mineral 
formula. 
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X.R.F. Analyses of intrusive quartz monzonites etc. 
Ljosland intrusion Haddeland 0 
Aseral 
No. 12*64 1257 1266 2003 1253 306c 307 1192 1204 
SiO^ 72.9 66,5 65.1 65,0 63,2 66,4 62.6 62.4 52.9 
AI2O3 14.3 16,3 15.8 16.9 16.1 14.0 14.8 16.3 15.3 
FeO* 1.9 4.0 5.0 3.8 5.5 6.9 8.1 5.5 12.4 
MgO 0.3 1.4 1.2 1.0 1.2 1.0 1.7 1.2 5.3 
GaO 1.8 3.1 4.8 4.6 5.3 3.6 5.0 5.0 8,0 
Na20 3.2 3.2 3.5 3.5 3.3 2.8 2.9 3.6 3.1 
K^P 5.1 4.9 3.6 4.0 3.5 4.7 3.5 3.4 2.4 
TiO^ 0.4 0.8 0.9 0,8 1.1 0.4 1.4 1.0 2.4 
FmO - - 0,06 0.09 0.14 - 0,10 -
P 0 
2 5 
- 0.39 0.72 - - 1,46 -
BaO - 0.21 0.24 0.15 - 0,31 -
FeO* = Total iron expressed as ferrous oxide 
Notes, 
Specimen 1264 is from an inclusion of alkali feldspar-rich 
granitic rock within the normal quartz monzonite and is 
without modal hornblende. 
Specimen 1257 is from the pink porphyritic facies of the 
Ljpsland intixision and contains accessory tourmaline. 
Specimen 1204 is from a basic facies of the Aseral intrusion 
and contains clinopyroxene in addition to hornblende. 
Table 1. 
X.R.P. Analyses of basic dykes. 
Metamorphosed Igneous 
No. 374 390a 497c 
1— 
16 37 370a 
1 
1147 
SiOg 50.2 50.2 52.9 50.7 51.4 51.3 49.8 
^ 2 ° 3 
18.6 19.7 16.6 17.9 17.8 19.3 19.3 
FeO* 11.4 11.1 10.8 12.0 12.2 10.4 10.9 
MgO 6.8 4.5 5.1 4.0 4.4 3.8 5.7 
CaO • 7.3 8.5 6.7 6.7 6.6 7.1 8.0 
NagO 2.3 3.6 3.3 3.9 3.2 3.9 3.3 
1.5 0.8 1.9 1.7 1.5 1.7 1.4 
Ti02 2.0 1.9 2.5 3.1 3.1 2.5 2.2 
MnO 0.16 0.14 0.15 0.13 0.13 0.11 -
BaO 0.05 0.03 0.08 0.06 0.06 0.06 -
Notes. 
Specimens 374 and 390a are from different positions along 
the metamorphosed dyke to the north of Khaben. 
Specimens 16, 37 and 370a were taken from different positions 
along the length of the igneous dyke vdiich runs just north 
of Knaben. Specimen 37 i s from the most westerly position. 
Specimen 1147 is from an olivine-bearing igneous dyke to 
the north of the Khaben dyke. 
Table 2. 
Corrected probe analyses of a ch lo r i t e and a garnet. 
ch lo r i t e 8 garnet 
SiO^ 27.7 38.0 
A1203 19.0 21.6 
FeO* 23.9 32.7 
MgO 17.9 5.5 
CaO 1.9 
Na^ O 
K^O 
TiO^ 0 . 1 
MnO 1.1 1.8 
).6 101.6 
Numbers of ions on the basis of 28 oxygens ( ch lo r i t e ) and 
2^ oxygens .(garnet) 
Si 5.67 Si 5.97 
A l 2.53 Al k.OO 
8.00 Ti 0 .01 
Al 2.27 k,01 
Fe k.08 Fe • k,20 
Mg 5.^7 Mg 1.26 
Mn 0.20 Ca 0 .31 
12.02 Mn 0.23 
6.00 
TABLE 3. 
Comparison of retrograded and s imi lar , unaltered rocks. 
No 52 10 66a 923 
SiO^ 72.8 72.5 63.0 68.5 
14.0 15.2 20.3 16.0 
3 . 1 1.5 3A 3.4 
MgO 1.0 0.3 0 .9 0.8 
CaO 1.0 1.3 1.0 1.8 
Na^ O 5.2 3.5 5.3 3.7 
K^O 2.3 5.5 5.7 4.9 
TiO^ 0.5 0.2 O.k ' 0 . 1 
Tota l i ron as Fe^O^ 
Specimen 52 Retrograded g ran i t i c gneiss vJith piemontite and 
c h l o r i t e . 
Specimen 10 Normal g r an i t i c gneiss. 
Specimen 66a Retrograded adamell i t ic gneiss wi th muscovite. 
Specimen 923 Normal adamel l i t ic gneiss. 
TABLE 4. 
Chemical analyses of mineralised rocks. 
No. 40d 41c 2000c 
S O.llfo 4 .61^ 0 .55/° 
Ni I7ppm 3lppni 2440ppm 
Cu 2820 " 3.59?^ 40 " 
Zn 61 " I25ppm 260 " 
As n . d . 3 " n.d . 
Se n . d . 6 " Ippm 
Hb 225ppm I55ppm llppm 
Sr 275ppm I85ppm 255ppm 
Zr STPPm 215ppni 105ppm 
Mo 135 " 28 " 5 " 
Ag 5 " 33 " n.d . 
Ba 820 " 450 " 95ppm 
Ce 30 " 25 " 77 " 
Pb 45 " 35 " 16 " 
B i n . d . 7 " n.d . 
Th 6ppm 9 " 2ppm 
n.d . = not detected. 
Specimens 40d and 41c are from the Knaben mineralised 
zone 
Specimen 2000c i s from the contact of the Ljosland 
in t ru s ion 
Table 5. 
Whole-rock chemical composition. 
Grani t ic rocks of the Kvinesdal gneiss. 
No. 2011 90 214 10 11 31 26 1642 
SiO^ 73.7 73.2 72.6 72.6 72.5 72.3 69.9 68,5 
M2O3 14.0 14.5 15.2 15.2 15.4 15.5 16.0 16.3 
PeO 1.7 1.9 1.3 1.4 1.4 1.7 2.3 3.0 
MgO 0 .2 0.5 0 .2 0.3 0.4 0..4 0.7 0.7 
CaO 1.3 1.7 1.4 1.3 1.4 1.1 1.7 2.2 
NagO 3.5 3.0 3.6 3.5 3.5 3.7 3.9 3.4 
K2O 5.1 4.8 5.1 5.3 5.3 5.1 5.2 5.2 
Ti02 0.3 0.2 0.2 0.2 0.2 0.4 0.4 0.5 
MnO 0.019 - - - - - - 0.039 
BaO 0.090 -
1 
- - - - - 0.129 
2 
Normative minerals. 
An 6.4 8.4 7.0 6.4 7.0 5.6 8.4 10.9 
Ab 29.6 25.4 30.4 29.6 29.6 31.2 33.0 28.8 
Or 29.5 26.7 29.2 29.8 29.8 28.0 28.0 28,1 
Qtz 31.0 33.4 28.5 29.9 29.0 28.8 23.6 24.0 
1= Composite sample over mineralised zone. 
2= From t r ans i t i ona l zone wi th Lande gneiss. 
Table 6. 
Whole-2X)ck chemical composition. 
Granular leucogranites. 
No. 76 626a 884 393a 68 38 
3102 77.1 75.8 75.6 75.0 74.4 72.6 
AI2O3 13.7 13.1 13.9 14.1 14.9 15.1 
FeO 0.2 . 1.9 0.8 0.9 0.4 1.4 
MgO 0.0 0.1 0.1 0,2 0.1 0.5 
CaO 0.4 . 0.5 0.9 0.9 1.1 1.3 
Na20 3.0 3.1 3.4 3.6 3.4 3.4 
K2O 5.4 5.3 5.2 5.2 5.6 5.5 
Ti02 0.0 0.2 0.0 0.1 0,0 0.3 
MnO - 0.035 0.014 - - -
BaO 0.064 0.007 - - -
Nounative Minerals. 
An 1.9 2.5 4 .5 4.5 5.6 6.4 
Ab 25.4 26.2 28.8 30,4 28.8 28.8 
Or 32.0 30.7 30.0 29.7 32.5 30.1 
Qtz 37.9 36.2 34.1 32.4 30.8 29.8 
Table 7. 
Whole-rock chemical composition. 
Gra j i i t i c rocks of the 0ie gneiss. 
No. 39c 64 885 35 233 923 262 65 
SiOg 74.2 72.3 70.9 70.7 70.7 68.8 67.3 66.2 
^ 2 ° 3 14.4 15.1 
14.8 15.8 15.4 16.0 16.2 17.0 
PeO 1.3 1.8 2.2 2.2 2.3 3.1 4.2 3.4 
MgO 0.3 0.4 0.7 0.7 0.6 0.8 0.9 1.1 
CaO 1.0 1.3 2.0 1.4 1.9 1.8 1.9 2.7 
NagO 3.3 3.7 3.7 3.7 3.2 3.7 3.3 4.1 
K2O 5.2 5.2 4.8 5.1 5.3 5.2 5.5 4.6 
TiOg 0.2 0.2 0.5 0.4 0.4 0.5 0.8 0.6 
MnO - - 0.042 - 0.032 0.050 0.051 0.062 
BaO - - 0.121 - 0.120 0.110 0.156 0.097 
Normative minerals. 
An 5.0 6.4 10.0 7.0 9.4 8.9 9.5 13.3 
Ab 27.9 31.2 31.2 31.2 27.0 31.2 27.9 34.6 
Or 29.5 29.2 25.3 26.2 28.8 27.8 28.9 23.1 
Qtz 32.9 27.6 27.0 27.7 27.8 23.6 22.9 18.6 
Table 8, 
Whole-rock chemical composition. 
Massive and layered Tonstad g ran i t i c gneisses. 
No 769a 768p 767a 828 125a 785 768d 
Si02 76.1 74.6 72.9 72.5 70.8 70.8 69.4 
AI2O3 14.0 14.7 14.6 14.8 16,0 15.6 15.9 
FeO 0,3 0.3 1.4 1.5 1.7 2.2 3 .1 
MgO 0.1 0.1 0.4 0,2 0.3 0,6 0.5 
CaO 1.3 1.6 2.0 1.6 1.6 2,0 2 .1 
Na20 2.9 3.7 3.4 3.7 3.5 3.3 3.3 
K2O 5.1 4.6 4.6 5.2 5.3 5.1 4.9 
TiOg • 0,0 0,0 0.2 0.2 0,3 0.3 0.5 
MnO 0.022 0.018 - 0,031 ' 0.019 0,007 0.003 
BaO 0.080 0.073 - 0.090 0.074 0.137 0,080 
1 1 1 2 2 2 1 
Noimative minerals. 
An 6.7 8.1 10,0 7.8 7.8 10,0 10.4 
Ab 24.6 31.2 28.8 31.2 29,6 27.9 27.5 
Or 29.5 25,8 26.2 29.8 29.8 27.9 27.2 
Qtz 37.0 32,1 30.6 27.8 26.9 27.8 26.9 
1 = Layered g r a n i t i c gneiss. 
2 = Massive g r a n i t i c gneiss. 
Table 9. 
Whole-rock chemical composition. 
Assorted g r a n i t i c rocks. 
No 1005 3 177b 170a 115 
SiO^ 74.3 74.2 73.1 70.2 66.4 
AI2O3 14.7 14.4 14.9 17.3 16.7 
PeO 1.0 1.3 1.4 1.5 4.7 
MgO 0.2 0.2 0.4 0.2 1.4 
GaO 1.0 0.8 1.4 1.5 1.8 
Na20 3.8 2.8 3.6 3.5 3.3 
KgO 4.9 6.1 4.7 5.4 4.8 
Ti02 0.1 0.2 0.2 0.3 0,6 
MnO - - 0.024 0.020 0.049 
BaO - - 0.058 0.097 0,048 
1 2 3 3 4 
Normative minerals. 
An 5.0 3.9 7.0 7.5 8.9 
Ab 32.2 23.6 30.4 29.6 27.9 
Or 27.8 34.2 26.7 30.9 23.1 
Qtz 31.2 33.3 31.0 25.9 24.8 
1 = Weakly f o l i a t e d granite-
2 = Microgranite dyke 
3 = Grani t ic layers wi th in Lande gneiss 
4 = Granit ic layer w i t h i n Lervig gneiss 
Table 10. 
Whole-rock chemical composition. 
Porphyr i t ic gneissic granites. 
No. 188 183 191c 189a 187 1163 
Si02 72.8 72,1 69.7 69.3 69.0 64.4 
AI2O3 15.4 15.8 16.5 16,1 16.8 17.0 
PeO 1.0 1.5 2.2 2.5 2.3 3.9 
MgO 0,1 0.3 0.6 0.7 0.5 1.9 
CaO 1,6 1.5 2.3 2,2 1.7 3.6 
Na20 3.6 3.6 3.6 3.8 3.7 3.9 
4.8 4.7 4.6 4.7 5.3 4.5 
Ti02 0.1 0.2 0.4 0.4 0.4 0.8 
MnO 0.009 0,019 0.023 0.025 0.027 0,069 
BaO 0,158 0.084 0.172 0.136 0.102 
Normative Minerals 
An 7.8 7.5 11,4 10.9 8.3 13.9 
Ab 30.4 30,4 30,4 32,1 31.2 32.0 
Or 27.8 26.4 24.8 25.0 29.5 20.7 
Qtz 30.0 30.0 25.8 24.5 23.6 16.1 
* = Hornblende-bearing rock. 
Table 11, 
Whole-rock chemical composition. 
Peda 4ugen gneiss. 
No. 1246 123a 
SiOg 65.3 . . 63.3 
AI2O3 15.9 16.2 
PeO 4 .2 5.0 
MgO 1.4 2.9 
CaO 4 .0 4.4 
Na20 . 3 . 5 3.7 
K2O 4 .7 3.0 
TiOg 1.0 0.9 
MnO - 0.077 
BaO - 0,120 
P2O5 - 0 ,31 
Table I 2 , 
Whole-rock chemical composition. 
Intermediate gneisses of the Lervig and. Lande gneisses. 
No, 336 820 106 69 551c 688 235a 551b 
Si02 64.6 61.0 58.2 58.2 57.0 55.6 55.4 54.3 
AI2O3 15.1 20.6 17.4 16.0 15.0 15.4 14.2 15.5 
PeO 5.1 3.9 7.8 7.1 8.7 8,4 11.5 10.5 
MgO 2.6 0,8 2 .3 4.1 5.8 4.8 4.9 4.4 
CaO 3.9 2.6 5.0 5.6 6.2 5.9 6.7 6.1 
Na20 3.3 4 .9 3.9 3.6 3.2 3.1 4.0 2.5 
K2O 3.9 5.4 4.0 3.5 2 .3 4 .5 1.1 4.4 
Ti02 1.1 0.5 1.5 1.8 1.4 2.0 1.6 2.1 
JixiO 0.075 0.128 - 0.119 0.220 - - -
BaO 0.203 0.094 - 0.250 0,057 - - -
^2°5 - - - - 0.43 - - -
A l l rocks except specimen 235a contain modal a l k a l i 
fe ldspar . 
Table 13. 
Whole-rock chemical composition. 
Intermediate gneisses wi th in the Kvinesdal gneiss. 
No, - 178a 1050 14 24m 
Si02 67.4 61.8 59.8 56.3 
AI2O3 16,0 16,4 17.0 15.1 
FeO* 3.6 8,1 6,3 l o , 7 
MgO 1.4 • 1.7 2,9 4.3 
CaO 2,8 3.7 5.0 6,4 
Na20 3.9 4.2 • 4,0. 3.0 
K2O 4.1 2,8 3.5 1.4 
Ti02 0.7 1.3 1.4 2,2 
MhO 0,060 - 0,082 0.138 
BaO • 0.107 - 0,235 0.097 
P2O5 - - - 0.75 
Specimen 24m contains accesory a l k a l i feldspar 
Table 14. 
Whole-rock chemical composition. 
Intermediate gneisses w i t h i n and adjacent to the Pjotland. 
Granite. 
No,. 228a 220 280a 271 
Si02 64 .8 56.9 54.5 54.2 
^ 2 ° 3 
18,4 12.9 16,4 16,3 
PeO 3.3 8.4 9.0 9.9 
MgO 1,8 7.7 6,0 5.5 
CaO 3.2 4.5 6,1 6.7 
Na20 3.5 1.7 3.3 3.8 
K2O 4.0 6.0 2,6 1,6 
Ti02 0.6 1.4 1,8 1.9 
MnO 0,043 0.194 0.158 0.153 
BaO 0.143 0.396 0,066 0,076 
Specimens 280a and 271 contain clinopyroxene i n addit ion 
to b i o t i t e and hornblende. 
Table 15. 
Whole-rock chemical composition. 
Intermediate gneisses w i t h i n the Sirdalsvatn Series. 
No, 787 159 1039a 133 830 1040 1247 
Si02 62.5 60.6 58.6 57.5 56.3 54.1 53.3 
AI2O3 I 6 . 4 15.7 16.2 18,1 16.2 15.8 15.8 
PeO 5.2 6.1 6.4 6,2 6.9 9.0 •7.1 
MgO 2.7 4.3 4.5 2.8 4.7 7.4 6.7 
CaO 3.8 5.4 6,1 • 4.4 5.4 7.1 6.0 
Na20 3.4 3.9 2.9 3.5 3.7 .3.4 2.3 
K2O 5.0 2.4 3.8 5.4 5.1 1.9 5.7 
TiOg 1.0 1.2 1.5 1.4 1.8 1.4 1.8 
MnO 0.017 0.115 - 0.084 - - 0.078 
BaO 0.191 0,061 - 0.377 - - 0.610 
^2°5 
- - - 0,66 - - 1.17 
Specimen 1247 contains clinopyroxene i n addi t ion to 
b i o t i t e and a l i t t l e hornblende. 
Table 16. 
Whole-rock chemical composition. 
Biot i te-cl inopyroxene gneisses. 
No, 113a 835 1039 330 230 329 832b 832a 
Si02 56.5 55.3 54.5 54-5 53.9 53.0 51.2 50.0 
AI2O3 15,0 13.7 I 6 . 4 15.0 14.8 15.7 15.7 16.0 
PeO* 10,7 8,2 10,3 8.7 10,5 9.0 7.8 8,2 
MgO 3,4 7,2 2.7 5.6 4.6 6.8 7,6 7.6 
CaO 5,7 6,6 7.2 5.8 7.5 6.2 7 . 1 8,4 
Na20 3.3 2,5 3.9 2 .9 2.9 3.4 1.6 1 .5 
KgO 2,1 3.5 2.3 4 .3 2.8 3.5 6.4 5.9 
TiOg 2,5 1,3 2,0 2,2 2,8 2,1 2.2 2.3 
MnO 0.138 0.110 0,125 0.103 0,144 0,122 0,115 0,023 
BaO 0,115 0,200 - 0.158 0,226 0.139 0.562 0,599 
P20^ 0,87 1.12 0.82 -
* * * 
* = specimens from adjacent to Pjot land grani te . 
Specimens 113a, 1039 and 230 contain l i t t l e a l k a l i feldspar. 
Specimens 832b and 832a contain l i t t l e or no quartz. 
Table 17. 
Whole-rock chemical composition. 
Mph ibo l i t e s of the Lervig gneiss. 
No. 715 5250 1101 582b 579a 139a 
Si02 51.2 48.5 47.9 47.7 47.4 45.4 
AI2O3 13.6 16.5 15.8 15.3 16,1 14.4 
PeO* 13.7 11.0 13.3 11.9 11.9 16.3 
MgO 6.3 8.4 7.3 8.9 7.8 7.6 
CaO 9.0 10.0 9.6 .12.5 10.6 8.9 
NagO 3.2 3.0 3.2 1.4 2.2 2,5 
K2O 1.0 1.5 1.1 0.7 2.4 1.4 
Ti02 1.7 1.1 1.9 1.1 1.5 3.2 
MnO 0.234 - - 0.220 0,210 0.235 
BaO 0.025 - - 0.029 0.030 0.021 
^2°5 - - 0.18 - 0.48 
Specimens 7I5 and 582b contain clinopyroxene i n addit ion 
to hornblende. 
Specimens 525O and 579a contain clinopyroxene together wi th 
b i o t i t e and hornblende. 
Table 18. 
Tfhole-rock chemical composi t ion . 
Amphibol i t es o f the Lande gne i ss . 
No. 235c 862 243 56 1082 8.61b 207d 497b 
SiO^ 51.5 50.3 50.0 49.0 48 .9 48 .-7 48.4 47.5 
13.9 15.1 15.2 15.0 15.9 15.7 13.7 17.4 
FeO* 10.6 13.4 13.9 12.7 13.1 11.0 14.2 10.8 
MgO 9.2 6 . 1 5.9 7.7 6.2 8; 8 7.1 8.3 
CaO 9.4 7.8 7.5 10.0 9.8 10 .1 10.0 10.8 
Na^O 3.3 2.9 3.5 3.1 3.3 3.0 3 .1 2.6 
K^O 1.1 2 .1 1.7 1.1 1.0 1.4 1.1 1.6 
1.6 2.2 2.3 1.5 1.7 1.0 1.7 0.9 
MnO 0.223 - 0.252 0.237 - 0.130 0.324 0.218 
BaO 0.024 - 0.032 0.013 - 0.013 0.007 0.033 
p^o^ 0.04 - - 0.11 - 0 ,11 0.29 0.06 
Specimens 207d and 497b c o n t a i n c l inopyroxene i n a d d i t i o n 
t o M o t i t e and hornblende. 
Table 19. 
Whole-rock chemical composi t ion . 
M p h i b o l i t e s o f the Knaben gne iss . 
No. 386 370b 430 30 20 
SiOg 47.4 46.8 46.3 45.2 44.4 
AI2O3 16.7 .17.8 16.2 16.0 15.0 
PeO* 12.9 12.0 14.4 14.6 16.6 
MgO 8.2 8.5 5.6 8.3 7.3 
CaO 8.5 • 9.3 9.9 9.7 8.4 
Na„0 
2 3.1 , 1.8 
3.0 2.6 2.4 
K^O 1.3 2.1 1.8. 1.1 2.9 
TiO^ 1.8 1.5 2.1 2.4 2.9 
MnO 0.211 0.273 0.284 0.235 0.277 
BaO 0.020 0.016 0.013 0.022 0.032 
P 0 - - 0.48 0.57 0.55 
Table 20, 
Whole-rock chemical composi t ion . 
Bas ic gneisses o f the Oddevassheii gneiss . 
No. 409 . 359d 359c 
Si02 48.6 46.0 44.7 
AI2O3 17.0 17.3 17.9 
FeO* 13.4 13.9 13.8 
MgO 5.8 6.5 7.6 
CaO 9.8 9.2 8.7 
Na^O 3.0 2.2 1.8 
K^O 0.4 2.0 3.1 
TiO^ 2.2 2.5 2.6 
MnO - 0.223 0.199 
BaO - 0.034 0.036 
^2% 
- 0.41 -
Table 21. 
Whole-rock chemical composi t ion . 
P y r i b o l i t e s . 
No. 1079 798 88b 149b 50 809b 743 
Si02 56.5 • 53.1 52.5 50.2 49.8 48.8 46.1 
^ 2 ° 3 14.5 
16 .1 17.3 16.9 15.7 16.0 16.3 
PeO* 11.3 10,5 11.2 10.9 14.2 13.2 15.0 
MgO 2.9 4.7 3.9 6.3 3.5 6.7 7.0 
CaO 6.8 7.0 7.2 • 10,1 8 .1 7.8 9.2 
lla20 3.2 3.4 4.2 3.3 3.5 3.0 1.7 
2 .1 1.7 1.2 - 1.0 1.6 1.8 2.0 
TiO^ 2.6 2.5 1.9 1.0 2.5 2.2 2.5 
MnO - 0.090. ,„ 0.198 0.365 0.219 0.177 0.241 
BaO - 0.120 0.044 0.018 0.093 0.044 0.034 
^2°5 
- 1.00 0.53 0.18- 1.05 0.48 0,25 
Specimen 1079 was c o l l e c t e d 10 k i l ome t r e s t o the west o f 
area simreyed and contains a l k a l i f e l d s p a r as a 
s i g n i f i c a n t phase. 
Specimens 798, 809b and 743 are f r o m the L e r v i g gneiss and 
the remainder f r o m the Lande gne i s s . 
Table 22. 
/ Whole-rock chemical composi t ion. 
Garnet -bear ing gneisses . 
No. 1067 1063 818d 615b 818e 511b 
SiO^ 77.6 66.8; 60.6 60.2 . 59.8 47.4 
^ 2 ° 3 13.1 14.4 17.0 
18.8 17.0 21.8 
FeO* 0.6 3.2 7.7 9.6 8.8 15.0 
MgO 0.1 6 .8 3.6 0,7 4.2 4.5 
GaO 1.0 1.6 4.1 3.8 4 . 0 2.6 
NagO 3.1 2.9 3.1 4.4 2.4 3.3 
K^O 4.5 3.9 2.6 0.9 2.6 3.9 
TiOg 0.0 0.5 1.1 1.6 1.2 1.6 
E5hO - - 0.111 - 0.171 -
BaO - - 0.044 - 0.049 -
^2°5 
9m 0.14 - -
Specimen IO67 i s w i thou t b i o t i t e o r i r o n oxide 
Specimen 511b i s w i thou t quar tz and contains s p i n e l 
Table 23. 
O x i d a t i o n r a t i o s o f in te rmedia te and basic gneisses. 
No. . O r i g i n No. 
n . . 0/ 
O r i g i n / j ^ 
20 En. ^ 38.0 123a S. 46.7 
24m •Kv. 72.3 133 S. 65.8 
30 . Kn. 37.5 230 P j . 63.0 
50* La. 40 .1 280a P j . 49.5 
56 La. 38.7 329 P j . 49.7 
88b* La. 28.7 330 P j . . 56.9 
139 Le. 39.4 832a S. 66.1 
149b* La. 28.5 835 S. 65.8 
207d La. 30.2 1247 S. 63.8 
430 • En. 40.9 -
497b - La . 39.3 
551c Le. 58.9 En. = Enaben gneiss 
582b Le . 41.4 Ev. = Evinesdal gneiss 
743* • Le. 49.2 La . = Lande gneiss 
798* Le. 40.1 Le. = L e r v i g gneiss 
809b* Le. 41.8 S. = S i r d a l s v a t n Series 
815 Le. 26.4 F j . = P j o t l a n d graJ i i te 
86lb La . 48.5 * =: p y r i b o l i t e 
Table 24, 
Whole-rock t r ace element analyses . 
S i r d a l s v a t n Se r i e s . 
No. 113a 123a 133 835 1039 1247 
S 1060 310 2000 2080 1280 1420 
01 85 30 105 160 115 265 
Ci 30 60 46 215 96 195 
Cu 24 20 76 58 17 10 
Zn 200 105 165 182 200 170 
Ga 18 19 20 17 17 17 
Rb 77 155 165 220 220 175 
Sr 695 1320 , 2360 1540 1400 3250 
Y 54 44 66 53 34 60 
Zr 400 345 1430 475 590 860 
Ce 105 79 285 165 150 195 
Pb 28 48 72 33 40 52 
Th 5 11 17 4 6 3 
Table 25. 
Whole-rock t r a c e element analyses. 
L e r v i g gne iss . 
No. 139b 551c 582b 743 798 809b 815 
S 1260 240 100 940 1940 640 80 
01 80 315 40 150 115 120 90 
N i 145 110 76 175 105 155 92 
Ou 62 n . d . 7 76 31 14 n . d . 
Zn 280 285 125 210 225 235 185 
Ga 18 17 11 17 18 17 18 
Rb 160 150 10 110 68 205 160 
Sr 290 290 410 210 1000 270 235 
Y 41 49 15 65 54 47 52 
Zr 215 290 74 195 485 230 240 
Ce 39 98 23 52 105 62 73 
Pb 18 21 21 14 23 18 30 
Th 4 6 1 6 3 1 9 
* * * 
* = p y r i b o l i t e 
Table 26. 
I h o l e - r o c k t r a c e element analyses. 
Lande gne iss . 
No. 50 56 88b 149b 207d 235c 497b 861b 
S 1600 270 390 150 850 450 140 240 
01 50 60 25 35 300 40 160 160 
N i 42 120 83 270 105 85 190 260 
Cu 35 8 12 20 9 11 6 24 
Zn 230 155 175 385 265 225 150 245 
Ga 21 14 17 13 18 11 14 14 
Rb 64 36 62 83 21 115 48 94 
Sr 390 265 395 485 190 225 300 270 
Y 83 21 46 28 72 31 20 2 
Zr 735 73 485 90 96 18 41 .59 
Ce 131 30 81 50 56 34 44 50 
Pb 23 22 24 36 23 17 22 34 
Th 1 6 3 2 1 1 n . d . 2 
* * * 
* = p y r i b o l i t e 
Table 27. 
Whole-rock t r a c e element analyses. 
K v i n e s d a l , Knaben and Oddevassheii gneisses. 
No. 20 24m 30 359d 430 
S 180 160 940 110 1490 
01 130 65 140 65 520 
N i 105 46 160 165 175 
Ou 20 42 42 n . d . 115 
Zn 365 230 215 215 315 
Ga 19 20 18 20 18 
Rb 410 64 165 420 200 
Sr 220 805 335- 235 335 
Y 39 30 51 23 45 
Zr 210 410 230 125 215 
Oe 48 100 42 66 62 
Pb 17 25 20 18 25 
Th n . d . 5 3 n . d . 2 
b a b , c b 
a = Kvinesdal gneiss 
b = Khaben gneiss 
c = Oddevassheii gneiss 
Table 28. 
Probe Analyses o f Potassium Feldspar . 
37 p o i n t s w i t h i n s i n g l e l a r g e augen i n specimen 123a. 
^ r 
80 
76 
73 
80 
87 
79 
80 
77 
75 
76 
83 
83 
83 
80 
75 
79 
82 
82 
80 
5 ^ 
18 
21 
23 
18 
12 
15 
19 
18 
20 
22 
15 
15 
15 
18 
23 
21 
17 
17 
18 
t 
o 
e 
CQ 
0) 
I 
CM 
I 
a 
a 
m 
I 
Sum foOx ?SAb 
101 75 22 
100 80 18 
99 79 18 
101 82 16 
102 74. 22 
97 84 13 
102 79 18 
98 79 18 
98 80 18 
101 80 17 
101 84 15 
101 77 21 
101 71 27 
101 77 20 
101 78 20 
103 . 83 15 
102 77 21 
102 82 17 
101 
9fcn Sum 
100 
101 
100 
101 
99 
1 0 0 
1 0 0 
^ • 
H 
^ • 1 0 0 
H (N 
1 i 1 0 1 
• • 1 0 0 
O H 
B 
1 0 2 8 s 
«H 
CO m 101 
0 
•r-( • H 
• % 1 0 0 
> > 
1 0 0 
101 
101 
101 
102 
Analyses r e c a l c u l a t e d to g ive Wt. fo of the f e l d s p a r 
end members o r t h o c l a s e , a l b i t e , a t i o r t h i t e and c e l s i a n . 
Table 29. 
Probe Analyses o f Potassium Feldspar (2) 
M a t r i c g ra ins i n specimen 123a. 
!JOr Sum fdOr 5 ^ 
83 12 98 86 9 
85 10 98 87 10 
87 10 100 85 13 
82 12 . 97 86 13 
81 14 98 88 11 
88 7 98 85 13 
88 8 99 80 16 
0 
92 5 I 1 100 88 11 
88 10 VO • r H • 101 88 10 
0 C\J 
91 5 a S 99 88 11 
t H tM 
86 10 M 
Q) 
to 
CD 99 86 11 
• H 
C_i 
• H 
5 , 
91 - 5 
M 
cd 
M 
CSJ > 99 88 8 
84 13 100 89 9 
87 10 100 88 8 
92 6 101 80 15 
90 7 100 88 10 
87 12 101 88 10 
89 8 100 
foAxi fdCn. Sum 
98 
100 
101 
102 
102 
101 
^ * 95 
' ' 102 
I i 102 
w m 100 
• H - H 
> > 
101 
99 
98 
101 
101 
Table 30. 
Probe Analyses o f Potassium f e l d s p a r s (3). 
V a r i a t i o n i n composi t ion o f the a l k a l i f e l d s p a r phase 
i n 9 r ocks . Each ana lys i s represents 1 g r a i n . 
No. Jtor No. 'fcOr foAn <fdCn 
86 7 79 16 
87 6 85 9 
87 7 • 82 12 
86 7 
0 
1 
86 8 a 
86 8 306c 84 9 
• r l 
14 84 9 
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ar
ie
s 
t 
83 10 
87 7 83 11 
86 9 83 11 • H 
83 
85 
10 
8 
rH 
330 84 
83 
10 
10 
0) ~ 
-P 
<D 
83 
24 82 
10 
12 
83 
82 
11 
11 
-p 
82 
83 
11 
11 3t
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11 
16 
82 12 83 11 
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95 2 551b 87 9 •p -
52 94 
95 
2 
2 
• 
• 
88 
82 
8 
11 
-d 
•p 
94 86 9 
84 9 78 15 
78 15 
220 78 14 
77 16 
82 11 
81 13 
Table 31. 
Probe analyses of Potassium fe ldspars ( 3 ) continued. 
No. jSOr 
84 
82 
foAb 
9 
10 
90 4 
1 688 ' 90 4 
0 0) 
89 6 
0) (D 
89 7 
- p 
87 6 
74 21 
61 32 
77 17 
832a 73 21 o 
• 
61 30 
1 
69 24 • 
o 
• 
r o 
72 22 
Table 31. ( continued ) 
M a j o r element probe analyses o f p l a g i o c l a s e . 
No. 14 20 30 88b 123a 139a 818e 
SiO^ 62.7 60.8 56.9 61 .5 62.5 59.5 58.0 
^ 2 ° 3 
24.0 25.3 27.7 24.4 24.0 26.1 26.8 
"^2°3 
0.2 0 . 1 0 . 1 - - - -
CaO 5.0 6.8 9 .1 5.9 5.1 7.8 8.9 
Na20 9.0 7.8 6.5 8.2 8.7 7.3 6.4 
K^O - 0 .3 0 . 1 - - - -
Sum 100.9 101.1 100.4 100,0 100,3 100.7 100.1 
23.5 32.5 44.0 28,0 24.0 37.0. 41.0 
Numbers o f ions on the basis o f 32 oxygen atoms. 
S i 11.02 10.71 •'10.17 10.92 11.05 10.59 10.38 
A l 4.96 5.25 5.81 5.10 4.98 5.45 5.64 
Fe 0.03 0,02 0.01 _ 
16.01 15.98 l | . 9 9 16.02 16.03 16.04 16.02 
Ca 0.94 1.29 1.74 1.13 0.97 1.48 1.71 
Na 3.06 2.66 2.25 2.83 2.98 2.52 2.24 
K 0 . 06 0.02 _ 
4.00 4.01 4.01 3.96 3.95 4.00 3.95 
Table 32. 
P a r t i a l Probe Analyses o f P l ag ioc l a se 
No. CaO v T b , f o Rock Type 
8 4.7 22.6 Retrograded g r a n i t i c gneiss 
24 4.5 21,0 Amphibol i te E - f e l d s p a r 
50 5.8 27.5 P y r i b o l i t e 
56 6.5 31.0 Amphibol i te 
69 4.8 22,5 Amphibol i te + E - f e l d s p a r 
81 6.5 31.0 Amphibol i te + c l inopyroxene 
96b 7.2 34.0 A n p h i b o l i t e + orthopyroxene 
108a 6.9 32,5 P y r i b o l i t e 
133 5.0 23.5 Amphibol i te + E - f e l d s p a r 
138a 11,0 ' 52.0 Amphibol i te + orthopyroxene 
144b 5.1 24,0 Amphibol i te + E - f e ld spa r 
149b 8.4 40,0 P y r i b o l i t e 
152 5 .1 24,0 Amphibo l i t e + E - f e l d s p a r 
230 4.9 23.0 B i o t i t e , c l i n o p y r , E - f e l gneiss 
208a 4 .8 22.5 B i o t , h o r n , c l i n o p y r j E - f e l gneiss 
329 5 .1 .24.0 B i o t i t e , c l i i [ i o p y r , E - f e l gneiss 
370b 10.4 49.0 Amphibol i te 
430 8.8 41.5 Amphibol i te 
497 6.8 32.0 Amphibol i te + c l inopyroxene 
551b 4.9 23.0 Amphibol i te + E - f e l d s p a r 
551c 4.5 21,0 Amphibol i te + E - f e l d s p a r 
582b 9.3 44.0 Amphibo l i t e + c l inopyroxene 
688 4.6 21.5 Amphibol i te + E - f e l d s p a r 
743 8,8 41.5 P y r i b o l i t e 
798 6.4 30.5 P y r i b o l i t e 
809b 6.2 29.5 P y r i b o l i t e 
818d 7.0 33.0 B i o t i t e garnet gne i ss . 
Table 33. 
Corrected Probe Analyses of biotites 
No 14 20 24 30 
SiO^ 38.7 38.2 38.8 37.2 
13.3 13.2 13.0 14.7 
FeO 18.3 20.9 13.9 17.5 
MgO 15.2 12.5 17.2 12.7 
CaO 0.0 0.0 0.0 0.0 
NagO 0.2 0.2 0.1 0.2 
K^ Q 9.1 8.8 9.2 8.6 
TiO^ 2.4 3.1 3.1 4.3 
MnO 0.5 0.2 0.3 0.5 
97.7 97.1 95.6 95.7 
50 56 65 69 88b 
37.0 37.8 37.9 38.4 37.3 
13.1 12.9 13.3 12.5 12.9 
21.4 18.2 17.9 14.0 20.6 
10.4 12.6 13.3 16.6 10.0 
0.0 0.0 0,0 0.0 0.0 
0.1 0.1 0.1 0.1 0,0 
8.9 9.0 9.0 8.9 9.2 
5.2 4,9 3.2 2.5 5.2 
0.6 
95.2 
Numbers of ions on basis of 22 oxygens. 
S i 5.74 5.75 5.75 5.59 5-65 5-71 5-75 5-83 5-72 
£L 2.26 2.25 2.25 2.41 2.35 2,29 2.25 2.17 2.28 
8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Al 0.05 0.07 0.01 0.19 Q 
Fe 2.26 2.62 1.72 2.19 2.72 2.29 2.29 ^''^'^ ^'^^ 
Mg 3.35 2.79 3.80 2.84 2.38 2.84 3.00 3-76 2.30 
T i 0.27 0.35 0.35 0.49 0.60 0.56 0,36 0.28 0.60 
Mn 0.06 0.03 0.04 0.06 0.08 
5.99 5.86 5.92 5.77 5.70 5.69 5.85 5.87 5.58 
K 1.73 1.69 1.74 ,1.66 1.74 1.74 1.75 1.73 1.75 
Na 0.05 0.05 0.03 0.05 0.03 0.03 0.03 0.03 
Ca 
1.78 1.74 1.77 1.71 1.77 1.77 1.78 1.76 1.75 
Table 34. 
Corrected Probe Analyses of Motites (2) 
No 114a 123a 133 139a 145 149b 220 230 235c 
SiOg 37.8 38.6 38.4 37.2 36.9 37.2 37.1 38.8 37.7 
AI2O3 13.2 12.6 12.5 13.1 13.8 12.6 12.8 13.3 12.6 
FeO 14.3 15.5 15.6 18.6 21.1 17.4 15.6 14.8 15.0 
MgO 14.8 14.8 15.6 12.6 9.7 13.8 16.2 15.5 15.5 
CaO 0.0 0.0 0.0 0.0 0,0 0.0 0.0 0.0 0.0 
Na^ O 0.2 0.1 0.1 0.1 0.1 0,0 0.1 0.0 0.0 
9.0 9.2 9.3 9.3 9.1 9.3 9.5 9.1 9.4 
4.0 4.8 4.2 4.3 2.6 4.2 3.3 4.1 2.6 
MnO 0.3 
93.3 95.6 95.7 95.2 93.3 94.8 94.6 95.6 92.8 
Numbers of ions on basis of 22 oxygens. 
Si 5.74 5.76 5.73 5.68 5.79 5.66 5.64 5.76 5.80 
11 2.26 2.22 2.20 2.32 2.21 2.26 2.28 2.24 2.20 
8.00 7.98 7.93 8.00 8.00 7.92 7.92 8.00 8,00 
5.73 5.75 5.89 5.73 5.77 
K 1.75 1.75 1.77 1.81 1.82 
Na 0.05 0.03 0.03 0.03 0.03 
Ga 
Al 0.09 0.02 0.33 0.05 0.08 
Pe 1.82 1.93 1.95 2.36 2.86 2.21 1.97 1.83 1.92 
Mg 3.37 3.28 3.47 2.86 2.27 3.13 3.66 3.42 3.55 
T i 0.45 0,54 0,47 0.49 0.31 0.48 0.37 0.45 0,30 
Mn - - 0.04 - - -
.86 6.00 5.75 5.85 
0.03 
1,80 1.78 1.80 1.84 1.85 1.81 1.87 1.72 I .84 
Table 34 ( contiimed ) 
Corrected Probe Analyses of biotites. (3) 
No 243a 271 280a 306c 
Si02 38.4 38,7 38.0 37.2 
^ 2 ° 3 
12.8 13.1 13.1 12.7 
FeO 18.2 14.5 17.4 26.8 
MgO 12,7 14.8 13.2 7.7 
CaO 0.1 0.0 0.0 0.0 
Na20 0,0 0.1 0.0 0.0 
K2O 9.3 9.5 9.3 8.9 
Ti02 5.0 4.8 4.8 2,6 
MnO _ - i - -
359d 370b 386 
38.1 37.9 38,4 
12.7 12,9 12.4 
18.5 16.6 15.2 
13.3 15.1 15.6 
0.1 0.0 0,0 
0.0 0.2 0,2 
9.1 9.1 9.2 
5.3 3.4 3.9 
Mn 
96.5 95.5 95.8 95.9 96,1 94.7 97.1 95.2 94.9 
Numbers of ions on basis of 22 oxygens. 
Si 5.75 5.75 5.70 5.84 5.66 5.77 5.67 5.70 5.76 
Al • 2.25 2.25 2.30 2.16 2.28 2.23 2.22 2.28 2.20 
8,00 8.00 8,00 8.00 7.94 8.00 7.89 7.98 7.96 
Al 0,01 0.03 0.01 0.18 0.09 
Fe 2,27 1.79 2.18 3.50 2.04 1.93 2.29 2.09 1.90 
Mg 2,83 3.27 2.94 1.80 3.15 3.22 2.94 3.39 3.49 
T i 0.56 0.54 0,54 0.31 0,59 0.46 0.59 0.38 0.43 
5.67 5.63 5.67 5.79 5.78 5.70 5.82 5.86 5.82 
K 1.77 1.80 1.78 1,79 1.77 1.79 1.73 1.75 1.76 
Na 0,03 0.03 0.05 0,05 
Ca 0,02 0.02 
1.79 1.83 1.78 1.79 1.77 1.82 1.75 1.80 1,81 
Table 34 ( continued ) 
Corrected Probe Analyses of biotites. (4) 
No 430 497c 551b 551c 743 798 809b 818e 818d 
Si02 38.5 38.7 38.0 38,2 37.5 37.7 38.6 36.7 36.6 
AI2O3 12.4 12.9 13.4 13.6 13.1 13.5 13.3 
15.6 15.1 
FeO 17.3 17.6 14.7 15.3 19.7 20.7 19.5 18.9 18.6 
MgO 15.3 12.7 16.0 15.7 9.5 11.7 11.2 10.8 10.9 
CaO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 
NagO 0.1 0.0 0.1 0.0 0.1 0.1 O.i 0.1 0.1 
K2O 9.2 9.2 9.1 9.0 9.1 9.3 9.3 9.5 9.5 
TiO_ 2.4 4 .5 3 .9 3.8 5.4 5.3 5.3 4.4 3.9 
MnO 
Mn 
95.2 95.6 95.2 95.6 94.4 98.3 97.3 96.0 94.7 
Numbers of ions on basis of 22 oxygens. 
Si 5.82 5.82 5.67 5.68 5.78 5.61 5.75 5.56 5.59 
Al 2.18 2.18 2.33 2.32 2.22 2.37 2.25 2.44 M l 
8.00 8.00 8.00 8.00 8.00 7.98 8.00 8,00 8.00 
AL 0.03 0.10 0.01 0.06 0.16 0.06 0.33 0.31 
Fe 2.17 2.21 1.83 1.90 2.54 2.57 2.43 2.38 2.38 
Mg 3.44 3.84 3.55 3.47 2.17 2.60 2.49 2.43 2.49 
Ti 0.27 0.51 0.44 0.42 0.63 0.59 0.59 0.50 0.45 
5.91 5.66 5.83 5.85 5.50 5.76 5.57 5.64 5.63 
K 1.77 1.77 1.74 1.73 1.80 1.75 1.76 1.83 1.85 
Na 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Ca 
1.80 1.77 1.77 1.73 1.83 1.78 1.79 1.86 1.88 
Table 34 ( continued ) 
Corrected Probe Analyses of biotites. (5) 
No. 832a 861b 2000 
Si02 38.1 39.B 38.2 
AI2O3 12.8 13.0 13.6 
FeO 14.1 12.4 12.5 
MgO 15.6 17.6 17.2 
CaO 0,0 0,0 0.1 
Na20 0.1 0.1 0.0 
K2O 9.3 9.2 9.2 
TiO, 3.6 1.2 5.4 
MnO • 
93.6 93.3 96.2 
Nmbers of ions on basis of 22 oxygens, 
S i 5.76 5.95 5.62 
Al 2.24 2.05 2.34 
8,00 8.00 7.96 
Al 0,04 0.24 
Fe 1.78 1.54 1.53 
Mg 3.51 3.92 3.76 
T i 0.41 0.13 0.60 
Mn 
5.74 5.83 5.89 
K 1.80 1.76 1.73 
Na 0.03 0.03 
Ca 0.02 
1.83 1.79 1.75 
Table 34 ( continued ) 
Corrected Probe Analyses of hornblendes 
30 50 56 No 14 20 24 
SiOg 41.8 41.2 44.0 
AL2O3 9.5 11.0 9.7 
FeO 20.0 21 ..0 15.3 
MgO 10.6 8.0 11.6 
CaO 11.4 11.6 11.3 
Na;20 1..6 1.6 1.4 
^ 2 ° 1.4 1.3 
1.2 
TiO^ 0.9 1.1 1.6 
MjiO 0.8 _ 0 ^ 0.6 
98.0 97.3 96.7 
Numbers of ions on basis 
Si 6.42 6.37 6.65 
Al 1.58 
8.00 8.00 8,00 
Al 0.15 0.39 0.37 
Fe 2.56 2.71 1.92 
Mg 2.42 1.86 2.61 
T i 0.10 0.13 0.18 
Mn 0.10 0.06 0.07 
5.33 5.15 5.15 
Ca 1.88 1.92 1.83 
Na 0.48 0.49 0.42 
K 0.28 0.27 0^21 
2.64 2.68 2.48 
69 88b 114q 
L2.0 9.9 9.5 9.2 9.6 8.8 
L7.4 21.5 17.4 15.7 18.8 13.5 
LO.O 7.9 11.1 12.2 9.2 15.1 
LO.7 11,0 10.5 11.2 11.5 11.6 
1.8 1.4 1.3 1.4 1.2 0.6 
1.6 1.4 1.0 1.3 1.4 0.7 
1.9 2.1 2.0 1.2 2.0 1.4 
of 23 oxygens. 
6.41 6.50 6.66 6.68 6.65 6.76 
1.59 1.50 1.34 1.32 1.35 hM. 
8.00 8.00 8.00 8.00 8.00 8.00 
0.55 0.29 0.35 0.32 0.36 0.27 
2.20 2.76 2.19 1.98 2.38 1.64 
2.25 1.79 2.50 2.75 2.08 3.27 
0.22 0.24 0.23 0.14 0.23 0.15 
5.22 5.08 5.27 5.19 5.05 5.33 
1.74 1.82 1.71 1.82 1.88 1.81 
0.52 0.42 0.38 0.42 0.36 0.18 
0.10 0.28 0.20 0.26 0.27 0.13 
2.36 2.52 2.29 2.50 2.51 2.12 
Table 35. 
Corrected Probe Analyses of hornblendes (2) 
No 123a 133 139a 149b 220 235c 243a 271 280a 
SiO 
2 
44.5 44.1 43.7 43.9 45.2 44,0 44.2 46.1 44.9 
AI2O3 8.6 8.7 9.6 9.5 8.3 8.5 9.4 8.8 9.3 
FeO 14.9 14.7 17.8 16.5 14.5 15.6 17.5 14.1 16.1 
MgO 12.9 13.0 10.8 11.6 12.4 13.7 10.6 12,8 12.0 
CaO 11.6 11.5 10,8 11.0 11.3 11.2 10.9 11.4 11.2 
Na20 1.4 1.6 1.3 1.3 1.7 1.4 1.4 1.2 1.2 
K2O 1.1 1.3 1,0 1.1 1.0 1.2 1.4 1.1 1.1 
Ti02 1.9 1.9 2.0 1.8 1,0 1.3 2.0 1.9 1.8 
MnO _ M 
96.9 96.8 97.0 96.7 95.4 96.9 97.4 97.4 97.6 
Si 
AL 
Al 
Fe 
Mg 
T i 
Mn 
) of ions on basis of 23 oxygens. 
6.68 6.65 6.63 6.65 6.80 6.64 6.68 6.81 6.70 
1.32 1.35 1.37 1,20 1.36 1.32 1^2 1.30 
8.00 8.00 8.00 8,00 8,00 8.00 8.00 8.00 8,00 
0.20 0.20 0.32 0.34 0,27 0.15 0.35 0,34 0.33 
1.87 1.84 2.25 2.08 1.82 1.96 2,20 1.74 2.00 
2.88 2.91 2.44 2.61 2.78 3.08 2.38 2,81 2.66 
0.22 0.22 0.23 0.20 0.11 0,15 0,23 0,21 0.20 
5.17 5.17 5.24 5.23 4.98 5.34 5.16 5.10 5.19 
Ca 1.87 1.85 1,76 1.78 1,82 1.81 1.77 1,81 1.79 
,Na 0.39 0.47 0.38 0,38 0.49 0.41 0.41 0.35 0.35 
K 0.21 0^2^ 0.22 0,11 0,19 0.24 0,27 0.20 0.21 
2.47 2.57 2.36 2.27 2.50 2.46 2.45 2.36 2.35 
Table 35 ( continued ) 
Corrected Probe Analyses of hornblendes (3) 
No 306c 359d 370b 386 430 497c 551b 551c 582b 
SiO^ 40.3 42.0 44.3 44.1 43.2 44.9 45.0 44.5 44.9 
^ 2 ° 3 
10.2 10.5 9.4 9.6 10.0 9.1 9*2 9.6 9.2 
FeO 26.3 17.7 16.2 17.1 19.1 16.3 15.1 15.5 14.8 
MgO 4.6 10.4 11.5 11.1 10.5 11.4 12.9 12.6 11.4 
CaO 10.5 11.4 11.0 11.0 10,8 11.1 11.0 10.9 11.3 
Na20 1.5 1.2 1.6 2.1 1.6 1.2 1.6 1.5 1.1 
K2O 1.7 1.6 1.5 1.0 1.3 1.4 1.2 1.1 1.4 
TiO^ 1.2 2.0 1.8 1.3 1.3 1.7 1.7 1.9 2.2 
MnO _ _ 
96.3 96,8 97.3 97.3 97.8 97.1 97.7 97.6 96.3 
Numbers of ions on basis of 23 oxygens. 
S i 6.47 6.42 6.66 6.65 6.55 6.75 6.70 6.63 6.75 
Al 1.53 1.58 1.34 1,35 1.45 1.25 1.30 1.37 1,25 
8,00 8.00 8,00 8.00 8,00 8.00 8,00 8.00 8,00 
AL 0.40 0.31 0.30 0.35 0.33 0.36 0.31 0,31 0,38 
Fe 3.52 2.26 2.03 2.16 2.41 2.04 1.87 1.92 1.85 
Mg 1.10 2.37 2.57 2.49 2.36 2.55 2.86 2,80 2.56 
Ti 0.14 0.23 0.20 0.14 0.15 0.19 0.19 0.22 0.25 
Mn - ^ - - - _^ _^ -
5.16 5.17 5.10 5.14 5.25 5.14 5.23 5.25 5.04 
Ca 1.81 1.87 1.78 1.78 1.76 1.78 1,76 1.76 1.82 
Na 0.46 0.36 0.47 0.62 0.47 0.35 0.46 0.43 0.33 
K 0.35 0.31 0.29 0.20 0.25 0.27 0.23 0.22 0.27 
2.62 2.64 2.54 2.60 2.48 2.40 2.45 2.41 2.42 
Table 35 ( continued ) 
Corrected Probe Analyses of hornblendes (4) 
No 743 798 809b 86lb 
Si02 44.4 45.2 46.0 42.7 
AI2O3 9.7 9.6 9.9 10.1 
FeO 17-7 16.7 19.2 15.2 
MgO 9.9 11.5 9.8 12.5 
CaO 11.1 11.0 10.0 11.4 
Na20 1.4 1.0 1.2 1.7 
K2O 1.5 1.3 1.4 1.6 
Ti02 2.0 1.8 2.0 1.1 
MnO •-• 0.4 
97.7 98.1 99.5 96.7 
Numbers of ions on basis of 23 oxygens. 
Si 6.68 6.72 6.80 6.48 
AL 1.32 1.28 1.20 1.52 
8.00 8,00 8.00 8,00 
Al 0.39 0.38 0.52 0.29 
Pe 2.22 2,07 2.37 1.93 
Mg 2.22 2.54 2.15 2.82 
T i 0.23 0.20 0.22 0.13 
m - •_ - _ - 0.05 
5.06 5.19 5.26 5.22 
Ca 1.80 1.76 1.59 1.87 
Na 0,41 0.29 0.35 0.50 
K 0.30 0.25 0.27 0.31 
2.51 2.30 2.21 2.68 
Table 35. ( continued ) 
Corrected Probe Analyses of clinopyroxenes. 
No. 50 88b 149b 230 271 280a 329 330 359d 
Si02 51.3 51.8 52.1 53.2- 53.5 53.3 53.4 53.6 51.8 
AI2O3 1.2 1.2 1.2 1.4 1.5 1.5 1.4 1.3 1.7 
FeO 16.3 15.4 12.7 9.5 8.9 10,0 9.8 9.4 13.5 
MgO „ 9.3. 10.5 12.8 14.2 14.0 13.3 13.8 13.7 11.6 
CaO 20,6 21.2 20.3 21.3 21.4 21.6 21.4 21.8 18.7 
Na20 0.3 0.4 0,2 0.5 0.5 0,4 0.4 0.5 0.2 
K2O 
TiO_ 0.1 0.1 0.1 0.2 0.2 0,1 0,2 0.2 0.3 
MnO 0.5 
99.6 100.6 . 99.4.100.3 100.0 100.2 100.4 100.5 97.8 
Numbers of ions on basis of 6 oxygens. 
S i 1.98 1.97 1.97 1.98 1.98 1,99 1.98 1.99 1.99 
Al 0.02 0.03 0.03 0.02 0.02 0.01 0.02 0.01 0.01 
- 2.00 2,00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Al 0.04 0.02 0.02 0.04 0.05 0.06 0.04 0.05 0.07 
Fe 0.52 0.49 0.40 0.29 0.28 0.31 0.30 0.29 0.44 
Mg 0.54 0.60 0.72 0.78 0.77 0.74 0.76 0.76 0.67 
Ca 0.85 0.86 0.83. 0.85 O.85 O.87 O.85 0,86 0,77 
Na 0,03 0.03 0.01 0.04 0.03 0.04 0.03 0.04 0.01 
T i 0.01 0,01 0.01 0.01 0,01 
Iti 0.01 - . - - - - - - -
1,99 2.00 1.98 2.01 2.00 2,01 1,99 2.01 1,97 
Table 36. 
Corrected Probe Analyses of clinopyroxenes. (2) 
No. 497c 582b 743 798 809b 832a 
SiO^ 51.7 53.2 51.6 52,1 52.0 52.0 
AI2O3 1.2 1.4 1.2 1.3 1.5 1.5 
FeO 12.0 10.4 12,7 12,0 14.9 8.9 
MgO. 12.7 13.3 13.1 12.8 11.5 13.0 
CaO 20.4 21.5 21.0 20.4 19.0 21.3 
Na20 0.3 0.3 0,4 0.4 0.4 0.6 
MnO 
0.1 0,1 0,2 0.2 0.2 0.2 
~ 0.5 
98.4 100.2 100.2 99.2 100.0 97.5 
Numbers of ions on basis of 6 oxygens. 
Si 1,98 1,99 1.95 1.98 1.98 1.98 
Al 0.02 0.01 0.05 0.02 0.02 0.02 
2.00 2.00 2,00 2,00 2,00 2,00 
AL 0.04 0,05 0.04 0.05 0.05 
Fe 0,38 0,32 0,40 0.38 0,47 0,28 
Mg. 0,72 0,74 0.74 0.72 0.65 0.74 
Ca 0,84 0.86 0.85 0.83 O.78 0,87 
Na 0.02 0.02 0.03 0.03 0.0.3 O.O4 
T i 0.01 0,01 0.01 0.01 
Mn - - 0.01 -
2.00 1.99 2.03 2,01 2.00 1,99 
Table 36 ( continued ) 
Corrected Probe Analyses of orthopyroxenes. 
No 50 88b 145 149b 359d 743 798 809b 2000 
Si02 49.8 50,2 52,1 51.7 50.4 50.1 51.7 51.5 51.0 
AL2O3 0,6 0,6 1.4 0,7 1.0 0.6 0.6 0.6 1.1 
FeO 35,9 33.6 31.5 29.8 32.5 30.5 30.6 31.5 25.6 
MgO 11,1 13.8 14.0 16,3 14.9 16.9 15.5 15.1 20.0 
CaO 0.9 0.9 0,6 0,8 0.6 0.9 0.9 0,8 0.6 
Na„0 0.1 0,1 
Ti02 0,1 0,1 0,1 0,1 0,2 0.1 0.1 0.2 0.2 
MnO 1.3 - - - - - - 1.5 -
99.7 99.2 99.7 99.4 99.6 99.1 99.6 101.3 98.5 
Numbers of ions on basis of 6 oxygens. 
Si 2.00 1,99 2.02 2.00 1.98 1.97 2.01 1.98 1.96 
Al 0.01 0.02 0,03 0.02 0.04 
Al 
Fe 
Mg 
Ca 
Na 
K 
Ti 0.01 0,01 0,01 0,01 
Mn 0.04 _^ 0.05 
1.97 2,00 1.93 1.97 2.00 2,01 1,98 2.01 2,01 
Table 37. 
2.00 2,00 2.02 2,00 2,00 2.00 2,01 2,00 2,00 
0.03 0.02 0,07 0,03 0,03 0.03 0,01 0,01 
1,20 1,12 1,02 0.97 1,06 0.99 0,99 1,04 0,82 
0,66 0,82 0,81 0.94 0.87 0,98 0.90 0,87 1,M 
0.04 0,04 0.03 0,03 0.03 0,04 0,04 
0,01 
0,03 0,03 
Corrected Probe Analyses of sphenes 
No 8 14 20 69 235c 306c 832a 861b 
SiO^ 29.3 29.8 30.3 30,0 30.3 30.2 27.6 30.3 
ALgO -^ 2.8 2,3 3.9. 2.3 1.9 4.8 1.7 2.5 
Fe^O^ 2,6 2,5 2.9 2,0 1.8 2.5 1.7 1.4 
MgO 0.1 0.0 0.0 0,0 0,0 0.0 0,0 0.0 
CaO 27.3 27.5 28.3 26.2 28.8 27.3 26.3 28,3 
NagO 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 
KgO 0.0 0,0 0,0 0,0 0,0 0,0 0,1 0,0 
TiO^ 33.8 32,9 32.8. 35t6- 33.5 31.5 34.8 33.5 
MhO 0.2 0.2 - ^ - - ^ 
96.,1 95.2 98.2 96,1 96,3 96.3 92.3 96.0 
Numbers of ions on basis of 19i- oxygens. 
Si 3.-86 3.98 3.94 3.-95 4.00 3.97 3.82 4.02 
Al 0,14 0.02 0.06 0.05 0.03 0.18 
4.00 4.00 4.00 4.00 4,00 4.00 4.00 4.02 
Al 0.29 0.35 0.53 0.31 0.29- 0.71 0.10 0.37 
Fe 0,26 0.26 o;28 0.20 0.18 0.25 0.18 0.15 
Mg 0.02 
T I 3.43 lao 3.20 3.51 1^2 3.10 3.61 3.33 
4.00 3.91 4.01 4.02 3.79 4.06 3.89 3.85 
Ca 3.84 3.93 3.94 3.69 4.07 3.85 3.89 4.02 
Mn 0.02 0.02 
Na 0.02 
K 0.01 
3.86 3.95 3.94 3.69 4.07 3.85 3.92 4.02 
Table 38, 
Semiquantitative probe analyses of oxide minerals. 
Magnetite Ilmenite 
No. Ti02 FeO* Ti02 
30 57.3/0 
50 I.855S 46.9/0 55.8J5 
88b 47.35^ 0 58.3^ 
139 0.21^0 57.8/0 
230 0.205^ 53.6/0 53.2/0 
280 O.Wfo 50,ofo 54.8/0 
329 0,22^ 49.1/ 54.7/0 
330 0.25^ 47.7/0 54.5/0 
FeO* = Total iron expressed as FeO 
Table 39. 
Normative mineral proportions in the biotite-homblende 
simplex, of biotite clinopyroxene gneisses. 
No. 230 329 330 832a 835 
Quartz 5.4 4.1 6.5 -2.5 10,7 
ALbite 18.9 24.2 20.6 5.6 15.5 
03rthoclase 23.9 13.3 20.6 36.4 15.9 
Anorthite 13.0 11.2 12.6 12,0 9.0 
Biotite -12,4 7.8 4.7 -9.3 2.7 
Hornblende 44.0 35.9 29.7 54.1 44.3 
Ilmenite 4.7 2.2 2,9 3.3 0.8 
Magnetite 5.2 2.6 3.9 3.5 2.7 
Sum 102,7 101.3 101,5 103.1 101,6 
Table 40, 
Normative mineral proportions in the biotite-homblende 
simplex of biotite hornblende clinopyroxene gneisses. 
No. . 280a 1247 
Quartz 10.4 3.5 
Albite 24.9 14.8 
Orthoclase 4.9 29.2 
Anorthite .17.5 10.9 
Biotite . 14.8 2.9 
Hornblende 23.3 35.2 
Ilmenite 1.7 2.1 
Magnetite 3.3 - 3.4 
Sum 100.9 102,0 
Table 41-
Normative mineral proportions i n the b i o t i t e - h o m b l e n d e 
simplex o f p y r i b o l i t e s . 
No, 50 88b 149b 743 798 809b 
Quartz 4.0: 6.9 2 ,5 6.2 10.5 5.6 
A l b i t e 24.0 31.8 20.7 9.3 25.1 20.7 
Orthoclase 8.0 . - 3.1 0 ,9 2.2 3.4 -0.2 
A n o r t h i t e 16.6 19.7 19.9 23.9 18 ,9 18 .4 
B i o t i t e -3 .3 14.5 1 . 3 11.7 7.7 13.8 
Hornblende 43.1 27.4 54.8 39.4 28 .9 36.7 
I l m e n i t e 3.5 1.7 0.1 2 .6 3.2 2.1 
Magnetite 3.7 1.7 - 5.9 2 ,9 3.8 
Sum 99.6 100.6 100,2 101.2 100,6 100 .9 
Table 42. 
V a r i a t i o n i n composition of mafic minerals w i t h i n one 
t h i n section. 
Maximum. 
Na20 MgO ^
2 ° 3 
SiO^ K^ O CaO TiOg PeO 
B i o t i t e 0.3?^ 0.2fo 0.6?^ 0.35^ 0.355 0.3/0 
Hornblende 0.15^ 0.3^ 0,9fo 0.155 0.3/0 O.25S 0,755 
CIinopyroxene 0.35^ 0.8?^ 0.6^ 0 . 4 / 
Ojrthopyroxene 0.3/0 0.5f° 0,5/0 
Sphene 0.4/0 0,595 0.1/0 
Mean 
MgO AI2O3 SiO^ K^ O CaO TiO^ FeO 
B i o t i t e 0.3/0 0,2/0 0,2/0 0 . 2 / 
Hornblende < 0,lfo O.lfo 0.1/0 o,4/o<o.l/o 0 . 1 / 0,1/0 0.2/0 
CIinopyroxene 0,4/0 0.35$ 0,3/0 
Orthopyroxene 0.4/0 0.1/0 0.3/0 
Sphene 0.1/0 0.2/0 0,255 0.3?5 0.1/0 
The f i g u r e s represent v a r i a t i o n s i n absolute amounts of 
each o f the elements. 
Table 43* 
REFERENCES. 
Adams J.B, 1968: D i f f e r e n t i a l s o l u t i o n o f plagioclase i n 
s u p e r c r i t i c a l water. Am. Min,, 53 PP I603-I613. 
Andersen B.G. 196O: Quaternary, Serlandet. I n Holtedahl 0, 
( E d i t o r ) . Geology o f Norway. Norges Geologiske 
Unders0kelse, Oslo pp ^ 3 - ^ 9 . 
Andersen 0, 1928: The genesis o f some types o f feldspars 
from g r a n i t e pegmatites, Norsk Geol.Tids,, 10 p I I 6 , 
Annersten H, 1968: A mineral chemical study of a 
metamorphosed i r o n formation i n Northern Sweden. L i t h o s , 1 
pp. 37^-397. 
Antun P. 1956: Geologie et p e t r o l o g i e des d o l e r i t e s de l a 
region d'Egersund. Ph.D. Thesis Univ. Liege. 
Antun P. 1962: Soggendalite ( C.F. Kolderup ) . A spo r o p h i t i c 
d o l e r i t e . Norsk Geol. Tids., ^2 pp 261-268. 
Antun P, 1962: On some N o r i t i c dykes from 0'rsdalen, Norsk 
Geol, T i d s . , k2 pp 269-27^, 
Barth T.F.W. 1935: The large Pre-Cambrian i n t r u s i v e bodies 
i n the southern part of Norway. XVI i n t e r n a t . Geol. 
Congress Reports, Washington pp 297-310, 
Berth T.F.W. 19^5: Geological map o f V/estern S^rland. 
Norsk Geol. Tids., 25 pp 1-10. 
183. 
Earth T.F.W, 1956: Studies i n gneiss and g r a n i t e . I : 
Re l a t i o n between temperature and the composition of the 
f e l d s p a r s . I I . the f e l d s p a r - e q u i l i b r i u m temperature i n 
g r a n i t i c rocks of the Pre-Cambrian o f Southern Norway. 
S k r i f t e r Norske Videnskaps-Akad, O s l o . l , Mat-Naturv. K l . , 
No .1 . 
Barth T.F.V/, 1959J P r i n c i p l e s o f c l a s s i f i c a t i o n and norm 
c a l c u l a t i o n s o f metamorphic rocks. J. of Geol., 6? p 135* 
Barth T.F.W, & Sons J.A, I96O: PreCambrian of Southern 
Norway. I n Holtedahl 0. ( E d i t o r ) Geology of Norway, 
Norges Geologiske Undersakelse, Oslo pp 6-62, 
Barth T.F.W, & Reitan I963: The PreCambrian of Norway. 
I n Rankama K, ( E d i t o r ) The PreCambrian, volume 1. 
I n t e r s c i e n c e Publishers pp 27-80. 
Barth T.F.W. 1968: A d d i t i o n a l data f o r the two-feldspar 
geothermometer. L i t h o s 1 pp 305-306, 
Binns R.A. 1962: Metamorphic pyroxenes from the Broken 
H i l l d i s t r i c t , New South Wales. Min, Mag,, 33 PP 320-338. 
Borchert H. 196I: Zussimmenhange zwischen Lagerstattenbildung, 
Magmatiemus und Geotektonik Geol. Runds. 50 pp 131-165. 
Boyd F.R, & England J.L, I96O: Minerals of the mantle: 
aluminous e n s t a t i t e . Rep, Geophys. Lab,, Carneg, I n s t n , 
59 P ^9. 
Broch O.A, 1964: Age determinations of Norwegian minerails 
and rocks up t o March 196^ +, Norges Geol. Unders,, 228 
pp 84-113. 
Buddington A.F, & Lindsley D.H, 1964: I r o n - t i t a n i u m oxide 
minerals and t h e i r s y n t h e t i c e quivalents, J, P e t r o l , , 5 
pp 310-357. 
Bugge A, 19631 Norges Molybdenforekomster. Norges Geol, 
Unders,, 217• 
Bugge C, 1907: L i d t om molybden og molybdenforekoraster i 
Norge. Tids f , kemi, farraaci og t e r a p i , I6 , 
Carmichael I.S.E, 1967: The mineralogy and petrology of 
the v o l c a n i c rocks from the Leucite H i l l s , Wyoming, 
Co n t r i b , Min. and Pet,, 15 PP 24-66, 
Carstens H. 1959i Comagmatic lamprophyres and diabases on 
the south coest of Norway. B e i t r . Min. and Petrog., 6 p 299< 
Chinner G.A, I96O: P e l i t i c gneisses w i t h v arying f e r r o u s / 
f e r r i c r a t i o s from Glen Clova, Angus, Scotland, J, of 
P e t r o l , , 1 pp 178-217. 
C h r i s t i e O.H.J, 1959: C r y s t a l l i s a t i o n experiments w i t h 
a l k a l i o l i v i n e b a s a l t i c glass from Egersund, Norsk Geol, 
Tids,, 39 p 271, 
Coombs D,S, and Wilkinson J.F.G, 1969: Lineages and 
f r a c t i o n a t i o n trends i n undersaturated volcanic rocks from 
the East Otago Province ( New Zealand ) and r e l a t e d rocks. 
J. o f P e t r o l . , 10 pp 440-501. 
185. 
Dahl 0. 197O: Octahedral t i t a n i u m and aluminium i n 
b i o t i t e . L i t h o s , 3 PP 16I-I66. 
Davidson L.R, 1969: Fe"'"'*"-Mg''"*' d i s t r i b u t i o n i n c o e x i s t i n g 
metamorphic pyroxenes. Spec. Pubis, Geol, Soc. Austr,, 
2 pp 333-339. 
Deer W.A,, Howie R.A, & Zussman M.A, I962: Rock forming 
Minerals, Vols. 1,2,3 & Longmans, Green & Co,, L t d , , 
London, 
DeVore G,W, 1955: The r o l e o f absorption i n the f r a c t i o n -
a t i o n and d i s t r i b u t i o n o f elements, J- of Geol. 63 pp 159-190. 
Edwards A.B, 1954: Textures o f the ore minerals, A u s t r a l i a n 
I n s t i t u t e o f Mining and Metallurgy. Melbourne. 
Engel A.E.J. & Engel C, ( 1958, I96O ) Progressive 
metamorphism and g r a n i t i s a t i o n o f the major paragneiss, 
northwest Adirondack Mountains, New York;'pt. 1, T o t a l 
rock; p t . 2 Mineralogy. Geol. Soc. Am. B u l l . , 69 pp 1369-
1^13 & 71 pp 1-58. 
Engel A.E.J, & Engel C, 1962a: Hornblendes formed during 
progressive raetamorphism of amphibolites, northwest 
Adirondack Mountains, New York, B u l l . Geol. Soc, Am,, 
73 pp 1^99-151^. 
Engel A.E.J, & Engel C, 1962b: Progressive metamorphism of 
amph i b o l i t e , northwest Adirondack Mountains, New York, 
Geol, Soc. Am. Pe t r o l o g i c Studies, Buddington Volume, 
pp 37-82. 
186. 
Engel A,E.J,,Engel C.E. & Havens E.G. 1964: Mineralogy of 
amphiK61ite;-„interla7er^^^ complex, N.W. Adirondack 
,maun:tai-ns',-''Niw York. J . of Geol., 72 pp 131-156. 
Eskola P. 19395 Die metamorphen Gesteine. I n Barth T.F.W. 
Correns C.W. & Eskola P., Die Entstehung der Gesteine, 
pp 263-407. B e r l i n . 
Falkenberg 0. 1915: Om molybdenmalmer. Deres forekomst, 
oppberedning, anvendelse o.s.v, Tids. f . Kemi, Farmaci og 
Terapi Nr., 1-4. 
Falkenberg 0.11917: Om molybdenglans. Tids. f . Kemi, 
Farmaci og Terapi. Nr. I 6 . 
Falkenberg 0. 1920: Norske Molybdengruber. Tids. f . Bergv., 
Nr. 10. 
Falkenberg 0. 1936: Knabeheiens Molybdenfelter. Tids. f . 
Kjemi og Bergv. Nr. 3 St 4. 
Falkum T. 1966: Geological i n v e s t i g a t i o n s i n the PreCambrian 
of southern Norway. 1. The complex o f metasediments and 
migmatites a t T v e i t , K r i s t i a n s a n d , Norsk Geol, Tids,, 46 
pp 85-110. 
Falkura T, 1967: S t r u c t u r a l and Pet r o l o g i c e i l i n v e s t i g a t i o n s 
of the PreCambrian metamorphic and igneous charn o c k i t e and 
migmatite complex i n the F l e k k e f j o r d area, southern Norway. 
Norges Geologiske Undersokelse. Nr. 242 pp 19-25* 
Gammon J.B, 1966: Fahlbands i n the PreCambrian o f southern 
Norway, Econ Geol,, 6I pp 174-188. 
187. 
Greenwood H.J, 1967: The N-dimensional t i e - l i n e problem, 
Geochim. Cosmochim Acta, 3I pp ^5 -^90 , 
Hagner A.F,, Leung S.S. & Dennison J.M, 1965: O p t i c a l and 
chemical v a r i a t i o n s i n minerals from a s i n g l e rock specimen. 
Am. Min., 50 pp 3^1-355. 
Hallimond A.F, 19^3: On the g r a p h i c a l r e presentation of the 
c a l c i f e r o u s amphiboles. Am. Min., 28 pp 65-89. 
Heier K. 19555 The ^ rsdalen tungsten deposit. Norsk Geol. 
Tids., 35 PP 69-85. 
Heier K,- 1956: The geology of the ^Jrsdalen d i s t r i c t , 
Rogaland, S. Norway, Norsk Geol. Tids., 36 pp 167-211. 
Hey M.H. 195^: A new review of the c h l o r i t e s . Min. Mag., 
30 pp 277-292. 
Himmelberg G.R. & Phinney W.M.C. 1967: G r a n u l i t e - f a c i e s 
metamorphism, Granite Falls-Montevideo area, Minnesota. 
J. of P e t r o l . , 8 pp 325-3'+8, 
Holland H.D, 1959: Some a p p l i c a t i o n s of thermochemical 
data t o problems of ore deposits, 1, S t a b i l i t y r e l a t i o n s 
among the oxides, sulphides, sulphates and carbonates of 
ore andgangue metals, Econ, Geol,, 5^ pp 184-233, 
Holland J.G, & B r i n d l e D.W, 1966: A s e l f - c o n s i s t e n t mass 
absorption c o r r e c t i o n f o r s i l i c a t e euialysis by X-ray 
fluorescence. Spectrochim. Acta, 22 pp 2083-2093* 
188. 
Hollander N.B, 1970: D i s t r i b u t i o n of chemical elements among 
mineral phases i n amphibolites and gneiss. L i t h o s , 3 
pp 93-111. 
Holtedahl 0. 196O: Features of the geomorphology. I n 
Holtedahl 0. ( E d i t o r ) . Geology of Norway. Norges 
Geologiske Unders;*kelse, Oslo pp 507-531. 
Hounslow A.W. & Moore J.M. J r . 1967: Chemical petrology o f 
G r e n v i l l e s c h i s t s near Fernleigh, Ontario. J. o f P e t r o l . , 
8 pp 1.28. 
Howie R.A. 8c Smith J.V. 1966: X-ray emission microanalysis 
o f rock forming minerals; v. Orthopyroxenes. J. o f Geol., 
74 pp 443-462. 
Hunahashi M., Kim C.W., Ohta Y. & Tsuchiya T. 1968: 
Co-existence of plagioclases o f d i f f e r e n t compositions i n 
some p l u t o n i c and metamorphic rocks. L i t h o s , 1 pp 356-373. 
Button CO. 1938: On the nature o f withamite from Glen Coe, 
Scotland, Min, Mag., 25 PP 119-124, 
H&.rme M. 1965: On the K migmatites of south Finland, B u l l , 
Comm, Geol, Finlande, 212 pp 1-43, 
Jahns R.H, & Burham C.W, 1957: Preliminary r e s u l t s from 
experimental m e l t i n g and c r y s t a l l i s a t i o n o f the Hgirding 
pegmatite, Geol, Soc, Amer, B u l l , , 68 pp 1751-1752. 
189. 
Keilhau B.M. 1838, l844, 185O: Gaea Norvegica. K r i s t i a n i a . 
K j e r u l f Th. I 8 7 9 : Udsigt over det sy d l i g e Norges geologi. 
K r i s t i a n i a . 
K o r z h i n s k i i D.S. 1959a: Physicocheraical basis o f the 
an a l y s i s of the paragenesis of minerals. Consultants 
Bureau, I n c . New York. 
K o r z h i n s k i i D.S. 1959b: The advancing wave o f a c i d i c 
components i n ascending s o l u t i o n s and hydrothermal a c i d -
base d i f f e r e n t i a t i o n . Geochim. Cosmochim. Acta, 17 p 17. 
Kostyuk E.A. & Sobolev V.S. I969 : Paragenetic types of 
c a l c i f e r o u s amphiboles of metamorphic rocks. L i t h o s , 2 
pp 6 7 - 8 1 . 
Krauskopf K.B. 1967: I n t r o d u c t i o n t o Geochemistry. 
McGraw-Hill, New York. 
Kretz R. 1959: Chemical study o f garnet, b i o t i t e and 
hornblende from gneisses o f south-western Quebec, w i t h 
emphasis on the d i s t r i b u t i o n of elements i n c o e x i s t i n g 
minerals. J, o f Geol,, 67 pp 371-402. 
Kretz R. I96O: The d i s t r i b u t i o n o f c e r t a i n elements sunong 
c o e x i s t i n g c a l c i c pyroxenes, c a l c i c amphiboles and 
b i o t i t e s i n skarns. Geochim. Cosmechim. Acta, 20 pp 1 6 I - I 9 I . 
Kretz R. I 9 6 3 : D i s t r i b u t i o n o f magnesium and i r o n between 
orthopyroxene and c a l c i c pyroxene i n n a t u r a l mineral 
assemblages. J. o f Geol., 71 p 773* 
190. 
Leake B.E, 1964: The chemical d i s t i n c t i o n between ortho-
and para-amphibolites, J. of P e t r o l , , 5 pp 238-254. 
Leake B.E. 1965a: The r e l a t i o n s h i p between composition of 
ceilci f e r o u s amphibole and grade of metamorphism. I n 
Pi t c h e r W.S. & F l i n n G.W. ( E d i t o r s ) , Controls o f 
Metamorphism, O l i v e r and Boyd, Edinburgh, 
Leake B.E, 1965b: The r e l a t i o n s h i p between t e t r a h e d r a l 
aluminium and the maximum possible octahedral aluminium i n 
n a t u r a l c a l c i f e r o u s and subcalciferous amphiboles. 
Am. Min., 50 pp 843-851. 
Leake B.E. et a l . 1969: The chemical analysis of rock 
powders by automatic X-ray flourescence. Chem. Geol., 
5 pp 7-86. 
Leake R.C. 1968: The geology and t e c t o n i c s of the area 
between Aseral and S i r d a l , Vest Agder, Norway, ( a b s t r a c t ) 
Geol. FBren. i Stockholm forhand. 90 p 463. 
MacLean W.H, 1969: Liquidus phase r e l a t i o n s i n the FeS-
FeO-Fe^O^-SiO^ system, and t h e i r a p p l i c a t i o n i n geology. 
Econ, Geol,, 64 pp 865-884, 
Magnusson N.H, I965: The Pre-Cambrian h i s t o r y of Sweden, 
Quart. J, Geol, Soc, London, 121 pp 1-30, 
Mehnert K.R. 1968: Migmatites and the o r i g i n o f g r a n i t i c 
rocks, E l s e v i e r Amsterdam. 
191. 
Michot J. 196I: The an o r t h o s i t e - l e u c o n o r i t e para-anatectic 
and a n a t e c t i c complex of HSland-Hellern. Norsk Geol. 
Tidsk. 4 l p 157. 
Michot J. 8c Posteels P. I968: Etude geochronologique du 
domaine metamorphique du Sud-Ouest de l a Norvege ( Note 
p r e l i m i n a i r e ) Ann. Soc geol. Belgique, 91 PP 93-110. 
Michot P. 1957: Phenomenes geologiques dans l a catazone 
profonde. Geol. Rundschau, 46 pp 147-173, 
Michot P, I96O: La geologie de l a catazone; Le probleme des 
an o r t h o s i t e s , l a palingenese basique e t l a tectonique 
catazonale dans l e Rogaland m e r i d i o n a l , Norvege meridionaile, 
Geol. Congr. Norden Guide g ( A.9 ) . 
Middlemost E. 1968: The g r a n i t i c rocks of Farsund, South 
Norway, Norsk Geol. Tids 48 pp 8 l -99 . 
Morton R.D. & Carter N.L. 1963: C o n t r i b u t i o n s t o the 
mineralogy of Norway, no. 21. On the occurrence of 
Mn-poor Piemontite and Withamite i n Norway. Norsk Geol. 
Tids. 43, pp 445-455. 
Miyashiro A. & Seki Y. I958: Enlargement o f the composition 
f i e l d o f epidote and piemontite v/ith r i s i n g temperature. 
Am. Jour. S c i . , 256 pp 423-430. 
Neumann H. I96O: Apparent ages of Norwegian minerals and 
rocks. Norsk Geol. Tids. 40 p 173. 
192. 
Nilssen B. 1967: Sepsiration o f p e r t h i t i c m i c r o c l i n e by 
heavy l i q u i d f r a c t i o n a t i o n - A too s e n s i t i v e method ? 
Norsk Geol. Tids., 47 pp l49 - 157. 
Oftedahl C, 1957: Studies on the igneous rock complex o f 
the Oslo r e g i o n . O r i g i n of composite dikes, Norske 
Vid. Akad, Oslo Skr., Mat-Naturv. K l . , no. 2. 
Ohta y. 1966: The t e c t o n i c s o f the Kvinesheii region. 
Unpublished r e p o r t Telemark P r o j e c t . 
Ohta Y. 1969: On the formation o f augen s t r u c t u r e . L i t h o s 
2 pp 109-132, 
Perry K. J r . I968: Representation o f mineral chemical 
analyses i n 11-dimenional space; p a r t 2, amphiboles. 
L i t h o s 1, pp 307-321. 
P h i l l i p s R. 1963: The r e c a l c u l a t i o n of amphibole analyses. 
Min. Mag. 35 PP 701-711. 
P h i l l i p s R. 1965: Amphibole compositional space. Min. Mag. 
35, PP 945-952, 
Poldervaart A, & Hess H.H, 1951: Pyroxenes i n the 
c r y s t a l l i s a t i o n o f basic magma, J, o f Geol,, 59 p 472, 
Ramberg H, & DeVore G.W. 195I: The d i s t r i b u t i o n of Fe^ "*" 
and Mg^^ i n c o e x i s t i n g o l i v i n e s and pyroxenes. J. o f Geol., 
59, PP 193-210. 
193. 
Ribbe P.H, & Smith J.V, 1966: X-ray emission microanalysis 
of rock-forming minerals ; IV, plagioclase feldspars. 
J. o f Geol., 74 pp 217-233. 
San Miguel A. 1969: The apl i t e - p e g m a t i t e a s s o c i a t i o n and 
i t s petrogenetic i n t e r p r e t a t i o n . L i t h o s , 2 pp 25-37. 
Saxena S.K. 1966: D i s t r i b u t i o n o f elements between 
c o e x i s t i n g b i o t i t e and hornblende i n metaraorphic 
Caledonides l y i n g t o the west and north-west of Trondheim, 
Norway. N. Jb. Miner., Mb. 3 pp 67-8O. 
Saxena S.K, 1968: Chemical study o f phase e q u i l i b r i a i n 
charnockites, Varberg, Sweden.- Am. Min., 53 pp l674-l695. 
Saxena S.K. 1969: A s t a t i s t i c a l approach t o the study o f 
phase e q u i l i b r i a i n multicomponent systems. L i t h o s , 3 
pp 25-36. 
S c h e t e l i g J. 1937: De geologiske f o r h o l d i Knabeheia. 
Norsk Geol. Tids. 
Shido F. 1958: P l u t o n i c and metamorphic rocks of the 
Nakoso and I r i t o n o d i s t r i c t s i n the c e n t r a l Abukuma 
plate a u . J. Fac. S c i . Univ. Tokyo, sec. 2, 11 pp 131-217. 
Shido F. & Miyashiro J. 1959: Hornblendes of basic 
metaraorphic rocks, J. Fac. S c i . Univ. Tokyo, 
sec. 2, 12 pp 85-102. 
194. 
Smith J.V. 1965: X-ray emission microanalysis of rock 
forming minerals; 1. Experimental techniques. J. of Geol,, 
73 pp 830-864, 
Smith J.V, 1966: X-ray emission microanalysis of rock-
forming minerals; V I . Clinopyroxenes near the diopside-
hedenbergite j o i n . J. of Geol., 74 pp 463-477. 
Smith J.V. & Ribbe P.H, 1966: X-ray-emission microanalysis 
of rock-forming minerals; I I I , A l k a l i feldspars. J. of 
Geol,, 74 pp 197-216. 
Smithson S.B. 1962: Symmetry r e l a t i o n s i n a l k a l i feldspars 
of some amphibolite f a c i e s rocks from the southern 
Norwegian PreCambrian. Norsk Geol. Tids., 42 pp 586-599. 
Smithson S.B. & Barth T.F.W. 1967: The PreCambrian Holura 
g r a n i t e . South Norway. Norsk Geol. Tids., 47 pp 21-56, 
Storetvedt K.M. 1968: The permanent magnetism o f some 
basic i n t r u s i o n s i n the Krageria archipelago, S. Norway, 
and i t s g e o l o g i c a l i m p l i c a t i o n s , Norsk Geol. Tids., 
48 pp 153-163. 
S t o r e t v e d t K.M. & Gidskehaug A. 1968: Palaeoraagnetism and 
the o r i g i n o f the Egersund d o l e r i t e s , S. Norway, Norsk 
Geol. T i d s . , 48 pp 121-125. 
Sundius N, 1946: The c l a s s i f i c a t i o n o f the hornblendes 
and the s o l i d s o l u t i o n r e l a t i o n s . i n the amphibole group. 
2rsbok Sveriges Geol. Undersok., 40 no. 4. 
195. 
Sweatman T.R, & Long J.V.P. 1969: Q u a n t i t a t i v e e l e c t r o n 
probe microanalysis of rock-forming minerals. J. o f P e t r o l . , 
10 pp 332-379. 
Thompson J.B, J r , 1957: The g r a p h i c a l analysis o f mineral 
assemblages i n p e l i t i c s c h i s t s . Am. Min., 42 pp 842-859, 
Thompson J.B. J r . 1959: Local e q u i l i b r i a n i n metasomatic 
processes. I n Abelson P.H. ( E d i t o r ) Researches i n 
Geochemistry, New York, pp 427-457. 
Tobi A.C. 1965: Fieldwork i n the c h a r n o c k i t i c PreCambrian 
of Rogaland ( S.VJ, Norway ) , Geologie en Mijnbouw, 44 
pp 208-217. 
Touret J. I 9 6 7 : Les gneiss o e i l l e s de l a region de 
Vegarsheii-Gjerstad ( Norvege Meridionale ) . 1 . Etude 
petrographique. Norsk Geol. Tids., 47 p 131-147. 
Touret J. 1967b: Les gneiss o e i l l e s de l a region de 
Vegarsheii-Gjerstad ( Norvege Meridionale ) 1 1 . L'indice 
de t r i c l i n i s m e des feldspaths potassique. Norsk Geol. 
Tids., 47 pp 275-281, 
Turner F.J, 1948: M i n e r a l o g i c a l and s t r u c t u r a l e v o l u t i o n 
of the metaraorphic rocks. Geol. Soc. Araerica Mem., 30. 
Turner F.J. & Verhoogen J. 196O: Igneous and metamorphic 
pe t r o l o g y . McGraw-Hill, New York. 
196. 
Turner F.J. 1 9 6 8 : Metamorphic Petrology. McGraw-Hill, 
New York. 
Wegmann E, 196O: PreCambrian of southern Norway; 
introductory remarks on the structurail relations. I n 
Holtedahl 0. ( Editor ) Geology of Norway. Norges 
Geologiske Undersirfkelse, Oslo pp 6 - 8 . 
Wilson A.D. 1 9 5 5 J A. new method for the determination of 
ferrous i r o n i n rocks and minerals. B u l l . Geol. Surv. U.K., 
9 pp 5 6 - 5 8 . 
V/inkler H.G.F, 1 9 6 5 : Petrogenesis of metamorphic rocks. 
Springer-Verlag, Berlin. 
1970 
Winkler H.G.F:^  Abolition of metamorphic facias, 
introduction of the four divisions of metamorphic stage 
and of a c l a s s i f i c a t i o n based on isograds i n common rocks. 
N. Jahrbh. f . Miner. Mh. pp 1 8 9 - 2 ^ 8 . 
Wones D.R. & Eugster H.P. I 9 6 5 : S t a b i l i t y of b i o t i t e : 
Experiment, theory and application. Am. Min. 5 0 pp 1 2 2 8 -
1 2 7 2 . 
Zeppernick E. 1 9 6 6 : Geologische Feldbericht zur Flottorp. 
Unpublished report, Telemark Project. 
Winkler H.G.P." & Platen H. von. 1 9 6 1 : Experimentelle 
Gesfelnsmetamorpliose-Y. Experimentelle anat^ktische SchiSel-zen 
Tjnd ihre'''p'etrogenetische Bedeutimg^ Geochim. et Cosmocb. -Acta. 
24 P 250. 
1 9 7 . 
. ACKNOWLEDGEt'lENTS 
The author wishes to theink Professors T.F.V/. Barth and 
H. Neuman, and K.C. Dunham and G.M. Brown for raaiking 
f a c i l i t i e s available for t h i s work at the Geologisk-
Mineralogisk Museum of the University of Oslo and the 
Department of Geology of the University of Durham 
respectively. Supervision and encouragement at different 
stages of the research by Konservator J.A, Dons, Professor 
K.C. Dunham and Dr. C.H. Emeleus i s gr a t e f u l l y acknowledged. 
Dr. T. Falkum, Dr. Y, Otha and Professor F.M. Vokes are 
thanked f o r inveiluable discussion during f i e l d work and 
Dr. J.V/. Aucott for computer corrections of electron probe 
results. Financial support was provided by a N.A.T.O. 
Research Studentship at the University of Oslo and by 
N.E.R.C, at the University of Durham. 
1 9 8 . 
Key to Geological Mop 
R . - R P R O M I N E N T L I N E O F R E T R O G R A D E M E T A M O R P H I S .M 
I I H l f B A S I C D Y K E S ( I G N E O U S ) 
+ + 
• • • « » • 
B A S I C D Y K E S ( M E T A M O R P H I C ) 
I N T R U S I V E Q U A R T Z M O N 2 0 N I T E ( F A R S U N D I T E T Y P E ) 
E O U I G R A N U L A R P O O R L Y F O L I A T E D " G R A N I T E " 
C O N C O R D A N T C O A R S E P O R P H Y R I T I C G N E I S S I C " G R A N I T E " ' 
— + —+— 
— o o — 
— oo — 
L A Y E R E D G N E I S S W I T H M U C H B A S I C M A T E R I A L 
P R O M I N E N T P E L I T I C L A Y E R S W I T H I N B A S I C G N E I S S . 
P R O M I N E N T G R A N I T I C L A Y E R S W I T H I N B A S I C G N E I S S ' 
L A Y E R E D B I O T I T E F E L D S P A R G N E I S S 
L A Y E R E D B I O T I T E F E L D S P A R G N E I S S I N T E R S P E R S E D W I T H 
P O R P H Y R I T I C G N E I S S I C ' ^ G R A N I T E " 
L A Y E R E D F E L S I C G N E I S S 
L A Y E R E D F E L S I C G N E I S S W I T H G A R N E T 
M A S S I V E P O R P H Y R I T I C F E L S I C G N E I S S W I T H S O M E 
L A Y E R I N G 
M A S S I V E P O R P H Y R I T I C F E L S I C G N E I S S 
L A R G E F E L D S P A R A U G E N G N E I S S 
• 
I* • • • ] 
S M A L L F E L D S P A R A U G E N G N E I S S 
' • Gl ^ A N I T I C " R O C K S A S S O C I A T E D . Wl T H A U G E N G N E I S S 
C/) o 
0) 
o 
o 
b 
o 
o 
Sirdalsvairi 
/ 
CO 
3 
•D 
Q-
O 
CD 
g_ 
o 
CO 
n Q 
n 
O 
I 1 
03 
CO 
S f r j S t y ^ ^ i ^ , (788' 
Oi/uata 
O l l l n d 
iiatn 
Wmwd 
^ ^ ^ ^ ^ 
vnotda 
(ft 
'i^iiiiiiji'i d (6(0 
5 
mm 
mm 
aglejfad 
e l a n d 
Topographical map, s-cale 1;250,000 with "boundary 
of area surveyed. 
